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NAS~i lIas  rccc)ltly aIIIIou  IIcccl tllc N~w Millcllr,iul[l  l’Io~,IaIII  (Nhfl’) tc, dcvcloiI  “fa<tcr,  IIcttfr, cllc:i~,ct”
s])~lc(~rilfl  ill order to cst:i])]is]l  a “virtua] ~)rcsc.llcc“ ill slIacc. A crucial clcr IItIIt  ill acllicvill~,  this visiotl  is otll]cmrd

. .
slI:Ic(LlafL, alltcIr Ic)l IIy, rcqu]llllf, 11s tc~ alltcIIII:It, c f[l!lct.lf)I)s WI Ilcl I II:IVC tr;!(liticjrla Ily lICCII  achicvcd CIII  f,ro(lr(d Irj
]Iur[lalls.  ‘J’}lcsc  illc]udc ]J]arlrlillf,  a(.tivitics, sc(lucllcil!~, s})acccraf~  act,ic)[ls, trackil!~,  s~)acccraft  s t a t e ,  crlsurillf,
cc>rr(.rl f~lr~ct,i(,r,irlf,, rcccjvcrirl~,  irl c.&ws o ffailu:(: arid rtcorlfi~,uriri~,  l1211d\Vilrc.

flif’,llt, 1);(’}) S]l:l cc’ OIIC’) i!! ]{)$18.  ]L wi]l ~)c l}IV

1 ]N’I’I{,O1) ”LI(:’.I’:ION”

Iri t h e  traditio]la] a~,]lroac]l to sl,z!cccr:(fl  o~,eratiorts  }Il]ri,arls c a r r y  out 011 tl]c  ~,l(~lltld  a ]alf,  c rlutllt)cI  of



fllllctiol]s  illcludill~,  I,latlllillp,  act,ivitics, sc~lut,lic-itl~,  slI; Iccc I aft  ncliolls. tl:i Cliillp, tll(, s~); !cf, cr:ift’s ili[(.[rlal  ti:ir<lwar(
S1 ilt, C, cllsurl]l~,  correct fu[fctiu]lilif,, rt~cc}~,criltp, ill CX+S o f  I:,ilurx$ ;IIILI  sul  Isvq Il(rItly  !v{)rkill~,  :Irollll{l f: IIIlty SIIII.
sysh,l IIs. ‘1’tlis n]]l)roacll  w i l l  IIOt IIC vial)l( :~tiytri(}r(.  ill ttlc flltulc dllt t{) (:1) lolllId  tlil~ lip,llt tilll(’  c(]llllllllllicilti[~ll
dcl:Iys  wllicll  r[lilkejc~yslickillp,  a dec]I slItIcc II II SS1[I  II il[l]l(wsl  I ( aII(i (II) :i (I CSIIC to Iilllit  tilt, (~[)t,r:tticltls IC:II II ;it)d“1 I
dcc]I  slIacc rl(.twork  (l)SN) C(ISIS.

I I I  tllc IICW lIIodcl  of o}~cratio]ls, tlIc  sciclltis[s w i l l  corlll[lullic:lt~  l)i~,ll-l(vcl  scicrlcc  p,mls  dilcctly to ttle slIacc-
c.rafl.  ‘J’l Ic sllacrctaft w i l l  t}ICII I)crfc)rlll  its OWII scicllcr ~)larlili]lp. aIId scllc(lulirl:,, trallsiatc t}lc,sc sclIdulcs ir(t<,
sc.qucl  Iccs, vvrify  t,l Irit tlIcy \vill IIot  dalttd~,c  tltc Spac(cl:tft ,  arid  ullilllatc.ly  cx(,ciltc  tllclll ]i,itflo~]t r(~utillc  11111 IIal I

illtcrvcrltion. III the case  of  error recovcty, tllc s~]acvcraf~ would lI:Ivc to UIId CISta IId tllc illll~act  0[ tlI( error (~rl i t s
~)revious]y  jIla II IIC(l scqueIIc.e aII(l t}lc]l rcs(llcdulc ill li~,lit of ttlc lIcw i[lfolIi)2~tio[l.

‘J’llis w,rk IIas IXCII  c a r r i e d  out wit}lirl  hTASA’s N~w hlillctitlillrll  l’IO~,I:IIII  ( N M ] ’ ) ,  a sc[i[:. of agI~, Itw+Ivv
t,[cllIlc)lc]~, y-cletllc][lsLr:\  tic,ll s], nce IIiis>iorls. III cIrdc I tcI assms aIId (Iflllollstr;itc tlIc al>])lic;tl)ility  of ,il tccl!llolcl~,y
to sl,accc.raf[ autcJIIoIIIy, tllc N M ] ’  fol[l]cd  a tCa III cc]lrll)itlillp, AI rcscarcllcts wi(ll  SOIIIC of t}ic IJcst s[jactcraft I. II-
p,itlccrs  wit}] tllc o l~jcc . l ive  of dcvdol,i~tp,  aIId (lc)Ilc)ltstr:iti)l/,  aII al{llitcctrlrc i]ltcf,[atillp, Al tools with tla(litio~jal

,,,s]j;lcvcraf[,  control.  J Ile c}IallelI~,(, wd. s to dclri[)Ilstlatc corlllllrt{ alltollolllolls  ol~(ratiolis  ill N vtly cll:lllcll~,ili~, c(lII -
tcxt: silltlilatcd illscrtioll of a (;dssilli  l ike  sl)acccraf[,  into (Itllit illollll(i  Satllrll, tra(lirl!, ofi scit,)lc( arlci trl~,irlcc[[li~,
p.onls, a[Id acllicvirlp,  t}lc IIlissio]i  irl tl!c  face  of ariy  sirlp,lc ~)(]irlt  (If II:{rdwalr fai]utc. ‘1’}, is Siltlrrll OJl)it IIlscrtlorl
(S01) sccrlaric }vas ~)ro]oscd  })y cx~cric]lcc~l  s}ac(c)dfl (rlp,ilic(lb  IYII(I II?,(I [a]ticil,;if(cl irt SCV(I: II ]I(\iol]s }1:1]1-

,..
ctaly lrllssiorls.  Altll(]u~,ll srrllllllflcd, it, still corlt, airls  tllc rlrcw(. ilrl]~oltiillt  c(lris[r;lirlts  arid sou Iccs  of ccj~!l]]lcxil,ics
of d Ic:ll Jllissioll,  rrialiili~, it, t,lr( Irl(lsi,  (liflic Lilt cltall(rl~,(  ill tll( c(lllt,rk(  of t,}Ic rrl(]sl c(lrrr[l]ic;i[((l  I[tis.hi(jJ] ])l)a<[ [If
tlIc  rrlcwt aclvarlccd  sj)acccrafL  tc~ dale. 11’url)jcl II IoIe, t)jc  (l(l[lf~rlstl<tti(llr  lIad to lIc accol[l]llistlcd ill ttl( vvly  S)lolt
tirric frar[lc of 5 IIlolltlls.

‘J’IIc N(,w hlillcli]li~l]rl  licrrr[)tc Ap,crlt (Nhll{A)  :Ilc}!itcc[(rrc  Yv:,<  succvw f(llly (Ictllo]ls[ratcd (111 tlIc  sii[,lll:ite(l
S o l  s(c~,i,]io la~l OCLOIICI” ‘J’llis SIICCCSS  lcs~lltc(l  ill t,tIc ir,(lusior, (If NNl}iA iri tl, c flip,llt, soft~var<, of t]lc  fiIst NNII’
IIlissi{)ll,  l)ccl I SjIacc 1  (1)S 1), wllicll  is sc-ll(cl[rlcd t.rl l; I{ IfIc}I ill IIli(] 199s,  ‘J’l)is will II< tlIQ fir:. t  A l  sy~tr III to

1:Illt,(}ti[)lll(]ll.s  -y coj}t,ro]  arl actual s~]acccr af [,.

2 S(:II;NAILI()

2.3 IIltlrodllctio]l

A  sirll])lificd  Saturn orl, it, l]lscrt,iorl  ( S o l )  sccrlaJi(,  W:IS USC(I  tcI  [Icfirlc t}Ie rcquirc[jl(r!ts 011 t}lc tcct!rlc)l{)~,ic. arid
tll( Icv<] of deta i l  IIccdcd  iri l]lodvlill~,  t}jc sIIacec  Iaf(. ]t irlc][td(d /,(,i]]s ilJl(] cc)]lst~airlt,s aIId {III [X: II II IIIC scql]cricc
to satisfy t}rc ~,[>:ils arid collstrairlts, ‘J’tlc cl IallcII~,c tc) t}lc a(ltc,ll(]rllotls  Systclrl  \vas  ll(,t  to (l U~}li Ciit C’ Illis scqurric(j
t)ut latllcr to i)lar) aIId cxccutc t,asks  iIi such  a ]rlar,r!cr  tliat a l l  collsttait,ts wv~c satisfid.

‘1’IIc sc.e]]ario also itjclucic(l  f;iill]rc scc])alios, ‘J’l Ic faillltc. rccol’cry  rcq[lil[lrlcljts arc a~ fc]llolvs:



3. I\lthcJu~,lI  IIltllti~llci tlclellel[clcr]t sil[l~llt:,]lcc, tlsf:iilllrcs iird Ilot  collsidcrcd crdil)lc, IllIlltil)lfsc[lll(rlti;\l failures
sjIacd far crjougll  al)art to :illow recova y of 011( l}cforc cm)sidc.  ri]l~, tlIe rlcx[- a r c  cc)rlsi(lcr~[l clcdil)lc  :iIId

rlillst IIC :iccc~lllrllc)clatccl.

2.1.1 Goals

‘1’IIc followirlg  p,mls  dcfi IIc t}]c So l  sccrlario:

●  Use tlIe  Illairl  erl$,irlc to irlscrt tlIc  s~]accc.r aft into S.3turrl  Orl]it

s Acquire  ZIIId  ret, tlrrl sc. icrlc.c irllq,cs of Satr]rll dlirir[p, a~]j~roac.li

e Acquire  ar id  rcturr! scicllce irrta~,cs of ,Satr)r]l’s  rirt~,s IICa I CIOSISL :I]))IICI:ICII

e A s s u r e  t]}at  t]!c c.a JIIcI:i is ~)rotcctcd  fro]r) ri]l$, ]):llticlcs dl]ti]lp, li]l~,-])]al]c  cr<wir!p,

‘J’l,c II Iodcls  o f  t}lc s}iacmr:ifL  as lllidclstcmcl  I,y tlte l)l;it}]lcr forJ/1 t}]c co]]tcx(  for acl)icvil]~,  tllc alIovc  ~,oals
‘J’IIcs( lIIodcls collstrairi tl)c cll(liccs  tlldt tllc Illa]lr]cr  lllii~  r[lakc, folcc c.clt:till  tilsks to t,c CIIdCI Cd) aIId f(IIcc t}lc
ilcl(lili{)ll of’ tasks to allow, t}!c. ~,oa]s tc~ I)c :Ic}lic,vcd. }’(I] tl!( S o l  s{trl:(lic),  t,}l(, f{,llr]!+ill{,, cc)ljstrairits si~, r!ificarltly
ilfl(Ct l}lcrcs~lltirlp, ],l:irl:

●  Avt(ilalll  cscic]lcc clzit:~s  [c]l:i~, cislir[ ]itccl;tllc]c isllot, CIIOLIF,l  I ro(~rrl  to :lcc.(![ li]rlo(li it~t}(]t,}l  t,llc sat, uI II :I])l)rcacll

1alId Satllrrl rirlp, il[laf,cs sirllultarlcc)us y

6 ot(ly OIIe sj]acccrafL  ]Jc)irltitl?, diicctic]r)  rIIay 111 colllrl)alldcd at a  til[lc. ‘1’l)is CCIIII,  ICS tllc s(icllcc irll~j~,ill~,
a c t i v i t y ,  t)lc  orllit c.l I:i IIp,c ac t iv i ty ,  tlIc  lJaI~lI tc]rr!l[lll[lic:lljiclll actii, ity,  alI(i tlIr lillf,  s:lfcty  +ctivity  sirlcf :!]]
r e q u i r e  surllc  sj)acecraft axis to lIc ]I(]irltcd  ill a ])drticllldr  dirccti(llj (c. /,., arltcrlll~i to}vard  r;lrt}l).

●  A  111:1111  (I If, IIIC ])UIII ]equ]rcs SC V(’1{1 1 ]]rc}lar:~t)ory stcl>s ),lior  to cll~,illc i~,l)itioll.

2.3.3 011(,  l’c)ssil)lc Scqllcllc, (.

OIIC ]Iossil)lc  scqllclIcC  of ever, ts t}lat rltccts tlIc  /,(Ials  ilJl(l c(]llstr?iirlts  i s  s}I(,\\flI t)clolv. otli(r s[qucrlces alC

]Icwiljlc, aIItl cl IaII~, v.s IIIay lIC II Iadc  dlllirl?,  cxcc. utiolj suclk tlIat tlIc  s~)rcific tzisk o]clcr dcscrillcd }Icrc i s  riot
followed) I)ut  a l l  c.orlstrai]lt,s  I)ctw[zrj  tasks arcsatis[id,



‘J’IIc sccrlaric)  hcgitls otIc d a y  t)cforc  initial Satrlrl] IIcria})sis

A  I)laII is tllcr[  F,crlcrated  o~l-t)oard  l)asrd 0 1 1  currcilt clIll)oard i]lfor][latio]l al)ollt ttlr stateof ttl( s[lacccraft,
t]lC s[laCCC.FtLfl tr~lJCCtory  Wit,ll rCs[l CCt to Sat(]lll, tllc p,cIals for tlIc  Satur]) oll)it i~lscrliorl  IIlissio[l  [I IIase,  FirId tllv
SySLCIII  corlstrailits.

(~rol}lld  c.c~lltr[lllcrsclcsi[c  tokllowzihout tlIesuc.ccss ofccrtail] risky acti~ities, s{lclt zlstltc firirlp, {) fl~yr(~tcclltlic
dcvic.cs  early cIIougl  I to take ac.tioll  if failures occur. ‘J’}lis forces c.ertai]l  activities to I]c scl Icdulcd  vaIly,  fol lowed

t)y col[il[]~lllic: ttic)~loft}lc rcsutts tottlc grou  Ild colltrollcrso!l  l’k31tlI.

Scicrlcc  i]rlagcs arc d e s i r e d  o f  Satur]l i]litial :i])j]roac}i a]Id oftlIc rill~,s dllrillp,  closcs(  a~l~)roacll. IIitllitcd data
lcc.order slJac.c lIIcal  Is that tlIC IIlal I slIould  illcludc tllc lcc[ordcr  dow IIload afLer t}l~ a]]}]roacll  il[lap,irlp, a r id  l)cforc
tlIc ]-i]lr, ilIlaF,illg.

l’mwr is  :i li]rlitd rcsourcc arid crlp,irlc ip,llitioll  f o r  tllc SOI  }Iurll o c c u r s  WIICII I)ower  is  t}lc ti~,lltcst. NoII-
csscllti:i] eqlli]~ll]c~lt, (c,:,,, science illstrulllcrlts and reactiorl  wlIcrls) lIIllst  I)c })owercd ofl ~)rior to crl~)iljc i:,llitioll.

%,lllcdcviccs rIccd tollcwar]rled u])~,rior tousc, lI;acl I I,lllst I)ctulllcd CJIIC:II1}CII(JIIF,lI toasslirc avail al, ility
Wllcll IIc’c!dc(l.

1’01 tJIc  c.ritic.al S O I  I[lissiorl  ])lla.sc, t):ickul)  Illlits a r c  a l s o  warr[lcd  u~, aIId re;idy  LO :)()

‘1’lIc r[[air( er!f,irlc  is ~)re[)arcd  f o r  usc  b y  l~owcrirlp, Olt iLs clcctrorjics,  ol]cl]iljp, latclI Vitl\’CS, arlcl [lIC ailllirlp,  tlie

~,illll)al(4  cnlgirlc. ‘J’}ICSC a c t i v i t i e s  a r c  sc.lIcdulcd  caIly crlou~,ll tlIat f a i l u r e s  allow  ti]rlc  to switch to tllc !~acku[)
cll~,illc.

l)~lr-ill:, Sol })lq~alatioll  arid  scicrlc~  collcctiolt, tllc s~)ac[craf[ cr(wcs tllc Saturri rirlp, ]~larle ar!d r[lust  ,p,o t o
aII :tt, tit(lclc t}) at, sllic]ds tllc carll era frolll rillp, ~)arliclcs,

‘J’]Ic s}]:icccraft  turl}s  to  l]IC hur[i  a t t i t u d e ,  lj]aill  (ll~,illc  ip,liitio)l  occllrs, arid t]Ic s~]acc craft i s  ir!srlted i“lto
Satrlr-{i oll,it.

Af(cr tlIc iIUIII, tllc sl)acccraft is rcturlfcd to a safr s(atc

‘I’l Ir orl)it irlscltio]l l~urIl is scl)cdulccl  t o  CIId at, ]Icriaj]sis s o  that scicl}cc  ol,scrvatiolis lIIay takd advalltap,(  of
tlIc closest aJ]J)roacll  vicwiJl~,.

‘J’IIC rixlg-~,la~leix[la~csarc  dow~i-lirlkcdt ot}le l;artll assoori a s  I]cmsi}llc.

After trz,ltsl]]issic)  rlofscic~!cc:ill({ el):,ir!ecrirlgclat.zl  to tl)cp,rc)~llicl,  tllcsccr!:iri[, isc.cltri[,lctc

‘J’llcfclllc)wrirl~, fail~lrc  sccll:iricls  also lIad I,OIIC lIaIIdlcd  successful ly :

‘J’IIc IIlairl  Cri?,irlc ovc.r]lcats  durirlg t,lIc l)urrl. Arl ovcl]lcatcd cJ,F,irlc. c.aII darl)a~,ctllcrest oft}lcsl)acccraft,  SC)

a  Icflcx resl)ollsc is IIccdcd to s]lut t}lc I]urll  dow II ujIc)II d(tcctio]l.  ‘J’tic !Iacku])  crlp,illc w i l l  tllcrl  lIC u s e d  011 L}IC
r[rxl i)llrrl attcrr([)t. ‘J’]lisrcquircs rc-J,]:,r)rtillF,}\it]l  i,IIIIt Jc.’+[alt, tirllcscl)[c]ll]c(l fc,rw]!cll  all j,lc,~,lllsiorl  cqui],rllcrlt,
]Ias c.oo]cd dowII sufIic.icIIL]y. ‘J’l Ic duration  of t]lc  IICW ]111111 II IIISt IJC acljlls(c(l  I,asccl (III t}lc i~rlic)llllt o f  [111111
acco]il~)]is}ld ill tflc first al,trxr]l)t.

A  ~,yrc)scc,~, cf:iils tc)g,ivcclata. Sirlcct}lcbacku]) p,yrcwcojjc isc~~i aIId warrlled II I,, asil[l[]lcswit,c}! is ~)clfor)l]cd



wllilc tlIc tlar~l cotltinucs w i t h o u t  i[ltcrru})tiorl.

‘1’lIcI s~)ac.cc.tafl do[[lain  I)laces  a Ilul[ll)er  of rcquitc]llc]lts 0 1 1  tllc soflwarc arcl[itectute  t h a t  diflcrcntiatcs i t
froll] dolrlai]ls cclIlsicJcmcl  t)y Clther rcscarcllcrs. ‘J’llcrc arc tllrec IIlajc)r  i,ro~]crties  o f  tile dc}][laill tt!at drove  t h e

arcllitcc.turc clesig [l.

l’irst, a  sl~acec raft IIIUSt t~c al)lc tc) carry orI ovfo?~o~f~ous  cJpc7aiioTIs ~c~~ iong periods of ti?flr  wit}! IICI lIUlllalI

illtcractioll. ‘J’his rquircrrlellt str:rlls  fmrrl  (a) rc)utld tril} lip,tlt tirltc c(lrlltl}ll]lic:itic>rl de lays  wllicll  ]I]:ik(:jc)ysticl{ir,g
a  dce])  sl):ice  I[lissic)ll illl~)c)ssil]lc  aIIcl (11) a  clesire  t,c) ]irllit tlIc  ol]eratic)rls  tealll and clccII sl]acc Ilctwork  (l ISN)

ccmts.

‘1’}Ic  rccluirclllclli,  for aut,otlc]lrlous  o])cratic)ris  over 10rIg l,criOcls  is furt}lct cc)rrl[)lic.atcd lIy t,wc) aclclitic,tlal  featutes
o f  t,tlc clc]rrlair[- Iig}ti 7CS07C7CC  co?tsifainis  alId }Icr7d draclli?)f.$. A  sJ}acccraf[  usm varic]us  resoutccs, illclucli!l?,
ol)viorrs  C)IICS l i k e  fuc] aIIcl clcc.trical J~owcr, ,‘lTICI  l e s s  ol)vic]us  ol!es  l i k e  the ~lll]lll)cr of tirllcs a klattery CaII Ile
reliat~ly  clisc.flargcci aIId rec.llfirgccl. SOIIIC of tlIcse  rcsc)ulc.cs  a r e  IcIIcwalIlc  lILIt IItcIst of t,lteIJI arc riot.  IIcIII:c,
aut,r)llc)rllous  ol]clatic)lls rccluites siglliflcarlt cI[lJllla.<is 011 tlIc careful utili7, atic)ll of rlotl-rerlewalllc resources alIcl CIr I
]Ilallllillg,  fc)r tllc rc])]ac,er[lcllt  of rcllcwat,lc  reso~ltces  }Iefc)rc tllcy rul I dall?,elously  ]c)wI.  sl~ac~c,raft  c)l)cratioris  a r c
also cljaracterimd l)y tl]c ]Jrescllce  c)f lIald dcadliljcs  clue tc] tlIc fact t}l iit tllc cfIicie  Ilcy of c}rl)it, cllarl~, e I113r  Icuvcls

is ait cxt,rclllc]y  sttotlg  fu[lctic]il  c]f t]lc ]c]catiol)  c,f tlic sJ, acecrafl iIl i t s  c)r}]it,-  wllic}l i s  a fllllctioll c)f tiI[lc,  1’[)1

cxa  IJIJ)le, tllc t,irllc at which  SO I rllust IIe ac}iicvccl is c.c)rlslraillcc] tcj lie witllill  a two  IIc)ur willc]c]w. Sc~~lllisticatccl
~l]all Ilillg  aIId scllcdulilj:, systcl II slIould  Ilc u s e d  to eltsllrc tll [)rcvic)us  rcquircrticllt,

‘J’]Ic  SCC.CJIIC1  c.critral  require.~[leIlt of sl, acccr:ill c,l)clatic))l  is high ~cliot)iliiy,  Sir Ice a s], accc.raft  is vcIy ex~]crlsivc
all(l (If{ell ur)icluc,  it is cssc]ltial tljat it acllic.vc  its Iljissioll  witlI  a  v e r y  llip,l! ICVCI c)f rcli:ii}ility.  J’art c)f this lIIF,lI
lclial]ilif,y is acllicvcd  tllrmug, }l t}lc usc of very ]clial)lc }Iardw  arc, ]Iowevcr, t}lc IIarsl!  crl~ilolllll(llt c)f s}Iacc or
tl[c illal~iJit,y tc) tcs~ iri all fli~,llt c.c,]lditic,~is call s t i l l  c.a~isc ullexl)cc,t,cd  IIarc]warc  failul es, SCI t]lat tile s o f t w a r e
arr}litcc.  t,urc is rcc[liircd  tcJ c.c]I[iJ]cl!satc for SUC]I cc>rltil)f,ctjci[,.<.  ‘J’lli,s rcquirt’]]]clll d i c t a t e ’ s  t~!d usc  of aII CXCC.  rl(j VC

all(] ~la]JC)I’{itC SYStC’111-]C.VC]  f{iUlt ]lrC1tCCtiOIl t]lat Call  r’~]li(l]y l’CaCt t[) COlltillF,Crl  CiC’S ~]~ I’CtI~iIl~, f_ai]C(l  aCti(J]lsl

IwoIlfi:,urill~,  s])acecraft sut)systcllls, 01 safi IIp, tlic sJ)acec  Iafl tc) J)rcvcl]t  furl}[cr,  J)c)Lc]ttia}ly ii]ctlieva})]c,  clal 118/, c.
of eC[U?i]  (]a]lf,et  a r c .  CatX(lC]J,]\iC. soflware t)U&S, c)f~,e[l iritrc)(l(lcc(l t}lroup,]i a  lllist[iatc}}  of s}]ace[lafl II Iodcl: ill
t}Ic }Icads  clf clifl’ircllt  software. cll:,il,ccrs, ‘J’}iis lcquirc~llclit dictatr+ t]Ic  IIccd to rllaxilfli~.c  t}lc usc of a  cc~Ilsis(rrlL
)IIOdcl sl)arrxl  IJrtwcc]]  tllc  cliflcrcllt execut ive  fullcticllls,

‘J’]Ic rccluircrilcrjt  o f  IIif,}i rc]ial,iiit,y is further  cc)llll)licatecl  l)y tlIc  f a c t  t,llat t}[crc  is /i7rIztrcf ol),~c~ucfhilily  itlto
t,i Ic sl]acccraft,’s state dllr to t,l Ic avai labi l i ty  of  a  lilllited rl~lr[)l)cr c]f s[rlsors, ‘J’t,c a(l(litic)rl  c)f s(llsc)rs  ir[)~ Iics

a(ldc(l  lrlassi, J)owcr,  cal)lirlp,, aIIc/ uj~ frc)llt cllF,i!lccrirlf,  (,irJIC  arlcJ cfic!rt. J12tc}I scrlsor  }Itust  add clc:ir  v a l u e  LO
tllc r,]issic~r) to t)c j u s t i f i e d  fc, r irlclusioll, lf’urtllcrll,c)rc,  sct)sc)rs  arc tyl, ically II(I ]I,c)re rclial)]c tllarl t}Ic awc)ciiitccl
s])ac,cc.raft  ]Iarclwarc.,  rllakirl:, i t  t)lat rl)uc.]1 rjlorc c]i[lic,r]]t to clcc~ucc. t}lc t r u e  s t a t e  c)f t]Ic sJ)?tc.cclZlf~ ll:ir’d~i’:!le.
‘J’]ICSC  r(:quircrrlcrlts clic.tak tllc use .  c)f soJ,llisticat,cd II Ic)dcl.  I,a:cd dia~,[lcmis rllct!lc,ds  fc)r idcr)tifyiti:, t]lc  trur slate
of tile s~)ziccc. rafl IIardwatc. ‘J’IICSC II Ict]IcIc]s ]~redict  uIIc,}Iserva]I]c  s t a t e  varial,]m usill?, a sIIaccc  I :ift II Iodcl,  arid
earl cffcctive]y tlar[dlc  scrisor fa i lures .  lrl acldiiiorl  t}!mu clia:,llc,st, ic rljct]lc~ds rliust he aup,rllclltccl  wit]!  so[, }lis(icatcd

II IO CIC1-lIaSCCl  c.c]tltro] rrlct}ic)cls that lICIIJ tllc cxec.utivc  tc) rccclrifip, urc IIardwalc ill v iew c] ffailutc krlowlcd<,c  arid tc)
],redict t}ic cc]llsccluerlc.cs c)f tlIcse actic)ris.

‘J’]Ic  ttlird Cclltra]  rccluircrlle.r)t  c,f sl)acccrafl c]])(’ratiorl i s  t]lat,  c)f co71r’rc?  )C7Lf  ac(iui(g. ‘J’]Ic :~,ac.cctaft }IFIS a

JIurlll)er  c]f difJcrcrlt  sul]systcurls, a l l  c~f wllicll  o]lcrat,c  collcurrcrltly  IImlce, rCascJ]lirl& atlClllt t}lC Sj)a Ce.Cr{Lft  llf’CCIS
to r e f l e c t  i t s  cc]rlc.urrcllt  llaturc. lrl I)articular, t)Ic  },l:Lllrlcr/sc}!c(llller  IIccds  tc, lJC a})lc tcI scl Icclulc corlcrlllerkt

1111  a s],  acccl aft,  IILZSS dilwtly LIal Islates to tl, c cosl of laur,c},  al,  d t}, c cost  of caljyir,  p.cxll;i  fuel tc,  acl, icvc  all  ],, issic,  I, rr,a],cilvcrx.
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}’igure  1: NMltA  arc.llitecture

act ivi t ies  ill difi”crellt parts of i,l Ic sj)accccaft,~  illcluclill~, c.ollstraillts  t)rtwccll ccIIIcu Irc IIt act, ivitics.  ‘J’JIc cxccutivc
IIcc(ls to llavc  c.c][lcurrcllt  tllrcads active tc~ }larlclle coticurlcrtt c. OIIItr Ia]Ids  t,o dif]’crellt  l]arts c~f tllc s))acecraft. ‘1 lIc
lIIOdcl-lm.wxl clia,grlcwis arid  rcc.c]llfip;~]r;{tio~l systc III ]Ireds to lIa]I(llc. collcllrrc]lt c} IaII~cs iIl tllc s~)acccraft s t a t e ,
citlicr due to SC.}  ICC IUICCI  events or clue to failures,

4 Al{.(;l llrl’l(:C~’J’IJ  l{.ll} OV1+;I{YII’}W

III t,l Ic alcllitec,turc :iutc,IIoIIIous  c,},cratic)]ls  is acllicvcd tllloll~,}l 1,1 Ic cool,c]aticjri
(1’ig,urc 1).

(hlltiltuous aIIt,c)rIc)JIJoLIs  opcratlio~l  is ac.llicvcd  lIy t},c rcl]ctitio]l of tlIc follow  i]lp, c y c l e

1 .  IW,rievc IIit,l) level  f,cIals fm]rl  tllc Irlissiol,’s  p,oa]s datal,:Ise, ]11 t])c  ~lC.tll?i] I[iissioll,  :,o?I]s c.al! iIc ktlowl at
tl!c })cgillljillf,  of tlIc  IIlissiori,  ])ut illt,o t,hc dat,al):~.sc t)y cc,l[llri~lllicat,ic]Il f]c~IIL !, IOLIIIC1  Irlissioll  co]ltrcll  c~r C a r l
c~rif,i]latc  f]-o~[l tllc, c)])crat,ic)l]s c]f s~)zic,c  craft sut}systclrls (C.:,.,  ‘ ( t a k e  I[1oIC ~ictu]rs of star f i e l d s  to cstir,atc

],ositio[l allcl vdoc,ity  c,f the spat.ccrafl”).

~. A s k  t]Ic  ])lO?l?lC1/SC}IC d711C?’  to :,crlcratc [i sc}Iedulc, ‘J’IIc ])lallllcr rtccivcs t,}Ic p,oals, t,lIc sc}lcdulill?,  llori7c]11,
i . e . ,  the tirlle iIltc.rval  tllal tlkc SC} ICCIUIC  IIccds  to C(IVCI  , alId  ari illitiat s t a t e ,  i.e., tllc sta(c of all rcle]’arlt
s})ac,ecraft  slll]systellrs  at, t]le l~c~,irlrlillg c~f t]ie sc}lcc]tl]irlf, ]Ioriz,oll, ‘J’]Ic j-~su]i,i~l~,  SC] JC, CIUIC i s  rc~)Icsc~ltcd  aS
a set c)f to,kc?is Jj]aced  oII v a r i o u s  slate va?iohle  iz71fc  /27 Lc,$, with tcl[(l)ora] c.o~lstraillts  l)ctwcc II tokcIls.

3. Scmd tllc IICW scticclu]c  p,mlcratccl  by t}lc lIlaIIrIcI- to t}lc cfcmiiivc. ‘J’}Ic executive will coIltilluc excc.utill~;
its currcilt schedu]e aIld  s tar t  cxccutil!:~  tile IICW sclicdulc  WIICII t}lc c l o c k  rcacllcs t}lc l)et,irllliIl~  of t}le Iicw
sc.}lcclulillf, llc]ri7,cJrl. ‘J’]Ic  cxc.c.utivc  tral!slatcs t}lc zitmtract tokcIls c,orltailled  i~l the sc}Icdulc  into a scqucIIrc of
l o w e r  lC.VCI sj)acccraft c.ol[llllallcls  tllzit cc,rrcc.tly  irll~llc~llcllt  t}lc. tokcrls aIId t,lic c.ollstraillts he.twccrl  tokcrw,  It
t}lc~l cxec.ut,cs tllcsc cc)!llrliallcls,  l!la]{ill~, sure t]lat i}IC C, OIIIIII;IIICIS  SUCCCCC]  :lIIc] cit]lcr retries fai]cc] C(JJIJIIIal IdS
,c)r gcrlcratcs arI altel]fatc l o w  ICVCI co]rllila]ld  SC CIUCIICC  t}lat acllicvc tlIc  tokcli. h a r d  CCIIIIIIIa  IICl cxccutic)ll

Pdilurm  rIIay recluil-c t}lc IIlc,dificatic)rl  c)f t]le  SC} ICd II]e ill w,]lic]l  C,:ISC tllc cxcc,ilt,ivc will c.c)ordi Ilatc, t]lc acticllls
lIc!dcd t o  keep  t h e  s~lacec.raft  ill a  %afc  StatC” aIId Iequmt,  t}lc g)e IIm atic)li of a IIcw sc.t Icdulc’ frolrl  t h e
l,]arlncr.

4. I{cI)cat t}ic c y c l e  fl-c]IIL stq) 1 WlIeII c)rIc c)f tile followill~,  c.otiditic,lls  a],[,ly:



(“1 l’;xe~~lti~ll (r~:’1) til[le IIas reacil~d  ttl~ ~lIci of the  schccllllit[g,  llc~rim[l IIlinlls  the tw(illlatr’cl  till,c n e e d e d
for  the  [,laIlrler  to gmerate a sclIedulc for tlIc  foi]owitlg  scllcctulillg  I]orizor):

(1,) ‘1’IIc mccutive h a s  rcqucstecl a IItW sctlcdult a-s a result o f  d })ard fiii]urc.

SclIcdule execution is acllicvd t}lrougli  tile cool,cratiol]  of t,tle the exccut,ivv  slid the ot]lrr tl]rm archi tectural
Iaycrs. ‘1’tlc e x e c u t i v e  rcasorls at)out s~~acccraft  state itl tcrllls of a set of corrl[)o[lcvit  II Iodcs.  ‘1’lIe 7110cfe iric7~ti-
jicrriim (Ml) Iaycr  is rcs})orlsil]le  for ~)roviding  this ICVCI of ahstractiol, to tlie execut ive . .  M] takes as i~,l)ut tile
cxccutivc cor[irrtarld  scqrrerlcc  and chcrvatiorls frolll  set]mrs t o  idcrltify the curre]rt rl~odc (Ilorrlillal  c)r frrilcd)  o f
eactl  s])ac.cc.raft  Coirlporlcllt.  ‘J’l Ic n~oniforing  layer t a k e s  tllc r a w  se~lsor d a t a  strcarli, and  cliscrctizcs i t  to  the
abst,  r’ac.t ]evc] re, quircd  }ly M]. ]1’illa]ly, tire control r? ’nri ?,eal-~i?{re .$~.$tf7(l  ]aycr  t a k e s  corrlrlrarlds  frorll  t]lc CX(’CU(i VC
ar id  ]~rovidcx the actual c.c)rltrc)l of the low lcvd state of tllc s])ac.cc.rafL. It is res[]orlsil~le  for l)rc~vidir]q,  tllc l o w
lcvd sensor data strcarll to t,}rc rilorlitors.

‘J’lIc 4 lower  layers arc alwfiys  act ive  arlcl irl cc,rlc.urrrrlt  cxecuti[]rl, ‘J’tlis cllsurcs tllc lli~,h rcliat,i]ity requi red  hy
tljc do]llail]. ‘1’}Ic l~larlrlcr/sc}jcclLllcr  is  tljc orlly  corri~jorlcrlt  tl]at is  activatcxl a s  a  “t)atcll  l)roccss”  aIId dim af(er
a rICW scllcdule has t)ecll ge.rlcra(ed.

Morlitorirl?,  a[Id control follow traditional aJ~J)roacllcs  to s~)acecraf~  soft,warc  atid  will riot t)c discussed lime.  lrl
tllc followirlg  wc will cor!ccrltratc orl tllc ot}icr  II IO CIVICS.

4.1  l’la]l]]er

‘1’IIc coal of t,lIc l,lar]]lcr/sclIcdLllcr is tc) ger, cratc a set c~f syllc.tlrc)r, imd hip;ll-level c.or[lrrlallds  ttlat c,rlce cxecutd
will ac}licwc lr]issior]  g,oals.

l’:irticulal]y ill tlIc  s], acccrafl cloliiaili  I)la}lllillg  arid scllcdulillp, as])ccts o f  t}lc Ilrol)lcrl!  rlcw(l t o  tlc tit,lltly

irltef,  rated. C]carly t,lic lJlallrlcr rIccds to rccursivc]y sclcc( arid  scl Idulc ajj]jroljriate a c t i v i t i e s  t o  ac}licvc  rllissimj
&Oa]S ZIII(l arly Ot]l Cr SUkl~,Oa]S  F,(IIClatCd  L)y th(TW [l C’ti Viti CS. It a l s o  Iiccds  to syrlcllror)i7c  ac.tivitics arid zil]ocate
glol}a] rcsollrces o v e r  tirlre (c.:,., ~>owdr.  arl(l data StOlil F,C  caj)acity). llowcvcr ill tl[is dorllairi (t, ut tliis is :Llso tluc

irl t,crlcra]) sutl~,c~als  rrlay I)c gcnlcratcd  a l s o  duc to lirllitrd avail  al)i]ity of  rcsour  cm o v e r  tirric. I’or ex:irll~)lc, irl
. . .

a rllrssloll  It would  lIC prcfcr:illle  tc~ km])  sclc. rltlflc  ]Iistrulllerlts or) a s
.,.

lorl~ as ~~ossil]lc  ( to  I(laxilrliy,c  ttlc alllollrlt
c)f scicr[ce  gat,}tcr cd). }lowcvcr  lilnitcd ~)cIwcI availa})i]ity IrIay folcc a  tc~lJ1)olary  irlstrur[lcrlt sll~lt-dowrl  w}clI
c~t}lcr IIIc)rc rr)issior] cr i t ical  su}}syste]lls  rlccd to I)c f[lr]c.liorlirlf,,  lrl t}lis C;ISC t}ic a l l o t . a t i o r l  o f  JIcIwcl to cr itical
s~lt]systc.rlls  (tile lrlaill resul t  of a sclleduliIl~,  stc}~) F,erlc.rates tllc slll)~,oa] “illstrul[lc)lt  r[lust  I)c ofl”” (Ivliicll  r e q u i r e s
ttlc a})~)licatioll  of :i plarlrii]jg stc])), [;c)r)siclcrili  p,sirll{)l tatlc(]llsly tllc corlscqlrcrjcfs of ]Il:il!llirlp, arl(l scllcclu]irlp, stc~ls
cllal)les a ~~larlrlirlp,  al~,oritllrll  t o  exert,  Ir)orc  c,orlt, ro] orl t.llc older irl wliicll  dccisicjrls  a r c  IIIadt aIId t o  tl]clcfc)rc
kcql searcl~ mIIr})lcxity  urldcr cclrltro].

}Icsidcs  a c t i v i t i e s ,  t}lc ~)laril]cr  rrlust a]so  ‘{scllcdulc” tllc occur rcricc s t a t e s  a[ici corjclitiorls  that riced tcI lIc
!rlorlltored to cl]sure that lIlp,l I level sl~acccraft coIId I[ior Is aIc correct for  r,o;i s

,.
]  (SUC]I :,s s~lacccraft ])oir]tirl~, staI..cs,

s}jaccc, ]:ift accc]cratioll  arid  stat] ility Icquirclllcr)ts, c.tc. ). ‘J’li(sc  stat,rs CaII :i]so c,oris(ll  Iic Imourccs ali(l }Iavc flr!itc
duratiorls.

‘J’lIc l)lar]rlcr  uscrl irl tllc Nhflll,A  arc.} litcc.ture cc)rlsists  c)f a  IIcuristic searc}l  erlF,irlc o~)eratilig  orl a  tcrrl~]oral
clatat]mc.  ‘J’}Ic scxirclt crrf,  iric l~cmt,s  co~lst,rairlts orl t}lc ba~is of cxtcIIja] ~,[)als o r  cc]rlstrai~lt t,cr[i},  ]ates storc(l iri a

rrlo(lc]  of t}lc s~~ac.ccraft. Usirlp, arl i tera t ive  sarll]]lill?,  aljl)roac}l, tlic ~)l:irltlcr also trim to lleuristic.al]y illl]]rovc  olt
ccr tairl asJlcc-.ts of sctIcdulc q u a l i t y ,  alttlc]u~,}]  i t  does  r!ot, p,uararlt,ec  ever] local o})tilrrality’  alc)rlf, tliis rllctric. ‘1’tlc
tcrll], oral data})asc arid ttlc f a c i l i t i e s  f o r  dcfir)i]lp, arid acccssirip,  rl]c,dcl irlfc)rrrl;itiorl  durirl~, scarc][  aIc l~rovidcd  tj~
tlte 11 S’1’S syste~r] (Musccttola  1994).



‘1’lIc dotllaill II IOC]CI corlt,:ijlis  :111 rx~)licit, rfeclaratiotl  of ttlt s~)acc,craft, sutwystcr[ls 011  wtlic]l al I a c t i v i t y  0 1  a
st, atc will oc. cur. III t,]lc tcIIll)orzil  datat)iisc  cac]) sui~systclll  ]Ias a] I associat, cd til[lc]irlc 011 wrllicl] ttlc ]jlarltier iilscrts

activities and states alId resolves resource allocatiotl co]lflic.ts.  ‘1’IIc rIIodcl  also corltaills t he dcclaratiotl of dl]rat,ic)ll
c.orlstraint and of  terli[]lates of  tcllll~oral  constraints  bctwcc]l  a c t i v i t i e s  :irId st:itcs. SIICII  co~lsti-airlts  lIavc  to I)c
sat, isficd  t]y arly  sc.hcdulc  stored i)] t]le  tcrll]~ora]  datat)ase fc)r i t  to  I)e corlsistcIlt with t,tie i~llysic.s  o f  tlie dor[l ain.

‘Jkull])oral  coIlstrairlt tcrIl})latcs al~solve  tllc ro]c of gctlcraliwd  ~)larlflirl:,  o])erators  arid arc dcfiIIcd  for arIy activity
o r  state ill the clolIlairl.  ‘J’lie tc.~rl~~ora] clatat)asc also ~)rovides  cc]llstrairit I)rol]a~,atiorl  scrviccs to verify the ,glol Ial
corlsistmlcy of t,l Ic collstrairlt,s ~)ostcd so far.

‘J’llc corlstraint tcvnplatc ill l“igurc  2 dcscrit)cs l,lIc 6 corlclitic)]ls  rIecdrxl for aJI crlgillc  Lurtl  tc) irlitiatc c o r r e c t l y
( a c t i v i t y  ),lgi?,e.llutit.lg!,itiof, SCILCCIUICX1  o,, ttlc (Nngi7Lc  O~J.,$’tfrtej  tirl~cliric).  (oristrailit 6 rcl)rcscrits a rcqurst
for ])owcr  t]lat increases  t}ic lcvd of }’owd?. Used OJI t}lc tjlilc]jric  (~et(}fi~aaf,.  ]’01/~c7’.  ~fgt/tf ]’owc?) of aII arllourit
rctur]lcd t]y tile ],isp  furlctioll c:ill (co  TrLf)Ific-])oIIJe?  ‘l;TIgzTLf.)1/fT)L.  Igniiioll). l;x~)licit  dcclaratiori c~f furlctiofl calls
iJl tltlc Illodc]  suc.11 a s  t h e  OIIC a]lovc proviclcs  tllc rllcalls f o r  tllc ~)larlrlcr to iJIVO]iC “ e x p e r t , ” II Iodulcs to []rovidc
Ilar Iow but clccp levels  c~f cx~)ertisc  ill tlIc c.or Ii]]utatioll  o f  v a r i o u s  I)araIllctcrh suclI as dllrat,  iorls or  tcili~]crature

:lJId ]Jc]wcr ICvcls.

4 . 2  IIyl]ricl e x e c u t i v e

‘J’IIC cxccutivc  is rcs[)orlsihle for  l)crforrrlirlg  rulit,irrlc  rllarlagcr[lerlt c)f all syst,cIII a c t i v i t i e s .  ‘J’tlr exec.utivc’s
fUIICtiCJJls  i[lc]udc  j,rc)c.css syIlcllrc,Iii7,atic)Il, jJrOC.Css  (l Ci)CII(l  CIICy  Jll:l  Il~~,CIIICIlt,  ~lar(]wiir(’  rcc.cJIlfip,llr:itioIl arid  rllrl-
t,illlc  resource  l[larlagcllicrit,  aJI(l tlic cxccut,ioIl  of fault rccovcry ]Iroccdurcs. ‘I’l Ic executive iTlvokrs t}lc [)larirter
alId rIIodc  lclc.rlt]flc:~ticjll ccJJII]Io IIc:r It.s to lIc IJ) It JJcrforI[l  tllcs[,  fullcl,io]is, ‘J’JIc exccu(ivc also co~ltrols  t}lc IOW-lCVC1
cc)llho]  s o f t w a r e  I)y settirlp,  i t s  JIIodcs  arid sul]l)lyirlg  l)arar Ilctcrs arlcl t)y rcs[]orldirlp,  to Illorlitorecl  cvcrit,s.  ‘J’l)e,
excrutivc t]lus ~)crforr[ls  sil[li]ar fuIlctiorls tc) a trfiditiol]al oijciatirlg systclri. ‘J’}Ic Il)airl  diflkrcrjcc  is  that  w}IerI
llrlc.x J]cc.tcd c.orii, irlf,c]lcics  occur, a  i,raditiorla] oJ)cratirlp,  sysLc III c:irl orI]y issue a  rcJ]ort arl(] at, ort t]lc ofikllc]irl?,
])l-OC(’SS, rclyirl~, 011 user irltcrverltic~Il  to recover frorrl t,llc J)rot]lclll. O u r  executiw IIlost IIC a},]c to take c.orrcctive
ac.tic)]l aUkl[llat,  iCZll]y,  f O r  (’Xal Il~)]C ill Or(]Cr tO II ICCf,  a f,ip,}l~  []i_])jta] j[lSCrtiOll Will (lOW. O u r  aI)J)roacll  illvolvcd tile
dcvc]oljrIli’lit  of a  ]Iy{)r-icl cxcc. otivc l,]]at s}!ares  cxcc. rltic~rl r(.sl)c)[lsi])i]itics  ])ct;vcc!] a  classical rcactivc cxccuti:)r!
SySt,CJ[l,  ]{ Al’s (]’irk)y ]~~~) aIId a II OVC]  rIio(]c]-\]asccl rcc.c]rifir,llratic)ri syskrill ca]]cd I,ivirlgstorlc.

}{,AI’S ~)rovides  a  s])cc,ia]izcd  rc~)rescrltatiorl  ]arl~,uap,c for  dcscril)i[lg cc~lltcxt.c]cl~ct]c]crlt  corltirl~crlt rcsJ)cJ[lsc
Jlroceclul-cs)  with arl evcrlt-clrivcrl  cxccutiorl scf[larltics, ‘J’}Ie ]arlp, uap,c Crlsllrcs reactivity ] is Jlatural for dcc.orllposirlp,
taStCS arid cc,rrcsl,~)rl(litlp, Illct]locls, arlc] r[)akcs  i t  c;isy tO cxJ)rcss  r[lor)itorir)g  :~rl(l c.olltjrip,cllt, actic]rl sc}lcrllas,  Its
ruritir  I1c systc~li t}lcr! rrlariap,cs  t]lc ]eac.tivc cx}~]oratic]ll  o f  a  s~~acc (If a]telriativc actic)rls  ~Iy  scarc~lirl:,  t}lrou~,ll a

. .
Sl)acc C)f ta.sli (lcc[)r llJ1[lsltlcllls.

‘J’]Ic b a s i c  ru]lti]oc ]CIOJI  of t]]c  cxccutivc  is i]lustrat,c(l ill ],ip,urc  ~{, ‘J’tlc systcIII  rllailltz~iljs  arl agc?~do orI w]iic]}

all tasks arc stored. ‘] ’asks arc eit}lcr  ac.tivc  or slccJ,iIl:,.  011 CaC}I  JI:lSS t}lr[)u:,}j  t}lc  loo~,, tllc  cxecutivc Cll CCliS  tile

cx(crrlal world  t o  see i f  ally lIew cvcrlts  }ILIVC  occurcd,  ]jXZIIIIJJICS  of  CV(’IltS jrjc]udc rIIO(l C] uJ)datcs  f[olll t}lc lIIodc
ir!fcl-crlcc systerll , arlr[ollrlcerl!crlts  c>f cc)rllrllarldcd  act iv i ty  colrj~)lctio]!  frot[l  cx[cr]lal sc)ft, war f:, aIld J’CCJUCStS flo]ll
extcrila]  users. ‘J’]Ic cxccutivc resJ)c)Ilds to t}lcsc  cvc~lt,s t,y u~)datirlp,  its irltcr~lal  JIIodcl  of tllc w o r l d ,  c}larl~,irlp,  t}lc
slatus of afl”cctrd tasks, azicl irlsta]]irl~,  Iiew t a s k s  orito  tllc agcrlcla. It tlicrl  selects sclIIIc active task (l)ascd oII
]I(liristics) arid  ],crfort, )s a sr[iall :ir,lc,urlt  of J]rc]ccssil)f, orl t]lc  t:)sk,  ]’rc,ccssirlF, a ]li~,l]. lCVCI t a s k  irlvo]vcs  hrealcir!~,
it UIJ i[lto  slll)tasks, J)cxsii)]y  clloc)sjrlg arIlorl~, lIlu]til~]C Jjlct,}lc](]s,  W}lcrcas ],roccssirlF,  a ]~rirrlitive  t a s k  irlvo]vcs
sclldlri?;  J[l CSS:i F,CS to cxterl la] SO ftW’ZLr C s.yslcrlls, A t  t}!is point, t]lc  iL~,(’Jlda is ul)datc.d, arid  t}ie basic  lcactivc ]oop
rr’J)[Yits.

ltA1’S  c.)icour:if,cs  a  close adl)creIlcc t o  a  rcactivc llroP,r:~rllrr)irlF, J,rirlc.il,]c of ]ir[litirlr)  dcduc.tiorls  wit,hirl  tile
scrlsf:-act ]OOJI to t}lat of c.c)r!structirjq, task clccoIIlj)c)siticJrls  Ilsirlf, a  ]irrlited for  I[l o f  I!l:itc.tli Il~,. ‘J’tlis cllsures
quick  rcxJ]c]rlsc tirr)c, whictl is csscrltial to t}ic s u r v i v a l  c)f tllc sJ]acecraf[. Ncvcrt]ielcss i t  JJ]ac,cs a  L,urdcr]  CIJI



(Defino.Compatibility
( ( E n g i n e  OpState) ( E n g i n e . R u r n - i g n i t i o n ) )
:compatibil  ity.spec
(ANO

“. 1. The pzessu~-e i n  t h e  e n g i n e  t a n k s  m u s t  b e  g o o d  d u r i n g  iguition
[~ontained.by  ((Ehlgina.Tanks Pzessu?e) (El,gine.l””anks.P]  essule.(ic,od)) )

.. ?. l’he I-h}gine m u s t  h a v e  b e e n  f i n i s h e d  l a t e  buln p~-epa~ation
t;~et.by ( (Engine Op. State) (Engille.B~lln.Tlate.Pl  ep) ) )

.  .  ~. The Mlgixle goes i n t o  SUStaiI1eC\  buzn s t a t e  n e x t

~;Iaot.s ((i?nglno O p . S t a t e )  (Fhgine.Hu?ri)))

;; 4. T h e  illjecto~ tempe~ature must b e  i]~ ~allge a t  stalt o f  bu]n

(corltained.by  ((Engine.lnjectol  I“emp) (lenl]jol:lt~lle(Rcady))))

;; 5. Neccls  VOKCU o n
(cox,tai~,ecl.by ((VI)ECU Op.State)  (VIJECU.fhL)))

.  .  6. l’hc  followi~lg amou~,t  o f  Powoz will ba c.onsumocl

t;c]ual ((NewMaap.Powe~.MEmt  Powel)
(  +  (I,isp (cc,mpute-powe~ ‘~I1~ixlC.~\U~JL.l/}lltloll) )

Powe].Usccl))))  )

lJif,urc 2: CollstraiJlts CJII tlic l’;7Lgi7Lc.  }1717?L.l@L2ti0?L  a c t i v i t y
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Pigurc  3: Nxe.c.utive ‘J’asti llx~)ar]siclrl l’lowc.ll:irt

tllc llroF,lalrllllcr of dc(luc.illg  a p7i07i  tllc c.oIIsquc IIccs of f a i l u r e s  and co~ltirl~,cllcics. ‘J’]lis i s  cxacerl)at,ccl  by
sul~tle  IIardwarc i]ltcractic)]ls, Illulti])le ar id  uIIr IIc)dclcd failutcs, t]le  Illixture of irlteractio~ts tjctwceIl  c.r)r 111 Jutatiorl,
clcc.t, ro]lics and llyclrau]ic SUbSyStr2r IIS) alicl lilllitccl ol]scrvzrt)ility  duc to scllsor costs.

‘J’IIc II Iodcl-ba.sd rcc.c)~lfi?,~lrzitic)~l  systclrl, ljivill~,slollcj  cc,r[lj~lellicrltst}lcsc  rcaclivc c.aj]al,iliticsl)y ~)rovidin~  a
set of dcxluc,tivc  c.apal)ilitics alc~~lg t}lc scrlsc-act IOOIJ t,llat ol]cratc CII1 a sir[~lc,  c.c~lli]~c)sitic~rla] II IO CIC1. ‘J’llesc rl]oc]e]s
})crlllitsiF,llificalltoll t]lc fly deduction crfsystcllj Wide illl,crac.tiorls, LIscd tc) process  Ilew srtlsor i]iforl[latiorl or to
cva]Llat,e t]lc efI”ec.ts c~f a]t~rllai~ rcc.cWcry aCti C)I!S.  yet ],ivi  I!&stotlc rcsjlec,ts  t]lc  illtc~lt  of rcac.tivc  systc II Is, USirip;
])]-c)])c)sit,ic)rl:l] dcdLlctivc  cal,a~)ilities cc,u~,]cd tcj aliytil[ic zl]~,c)rit]ll llst]l:it llavcl)rc]vcll excc\]tioIia]]y cflicicllt ill t]lc

II Iodc]-]Iased  diap, r]osisof caLlsal systeIIIs. lleIIce ],ivillgstonc is at)]c’to  rcaso~i rcactivc]y frc)Ill ]{ IIC)\V]C[]F,C  CJff?iil  L1l’C,

tllrou~,ll  t,llclllO(lcls, to cl[jti]llzilac.tic>rls  tl[at rcmtal,listi t]le  l]]a]lller’s  I)rilrlitivc~,c)a]s  lv]li]c c)t,viati]l~,  t}lcf:lil LIres’
C[f(!c.ts.

Ncvcrtliclcss,  t]lc:iss[l raliccc]f fast illfcrcvlcc  isac]lieveCl  t]irc)llf,}L strc)r]F,  rcstric.tic)I]s  c)llt}!c  rc])rcsclltatioIl  Llsed
for ])cmsil)]c rccc)vcry  actio])s alIcl CVCII  l]lorcsc,vcrc  lirIlitati{,Ils 011 I,lic way  irl W}lic}l t,lIrsc actioI]s are colnl)illcd.
If  react ivi ty  is  to be ])rmerved, t]le]l  t h e  oII]y a]t,er]]ativc i s  fc)r {i ]Jrc)grarl]r[icr  or dcducti~rc  systcIII  to scri~)t
tl]cse cor IIj)lcx actioIis t)efore tlie f a c t .  IImlce  ltA1’S  ],rovi(lcs  a  I]atulal c.o~rlI,lerlLer)t  te ],ivillF)stotic’s  cleductivc
ca])al~ilitics.  l’c)r cxalli~)le, wit}l rcs~)ect  to rrcovcry, livirlr,stc)[lc ~lrovides  a  scrvicc for sclcctirl~,,  c.orrl]~osill!,
tc,~,ct}lcr arid d r d u c . i i i ? ,  t])e cflcc.ts  c]f I)a. sic ac.tic)r]s, ill ]if,~it o f  fai]ure krlow]ec\&r. hlcarlwllile }{AI’S [}rovi(lcs
]Jowcrf[]l  ca]jat)i]ities for  e}at~oratir]F, a~id illtcr]c:ivillg  t}lesc  t,asic, actiorls i]ltc, ~llore COIII[,lCX sequerlces, wllicti  ill

turn rIIay t)c furt}ler e v a l u a t e d  throup,}l l,ivirlgsto]lc)s dcdllc.tivc  ca}, a}]ilitics.

4 . 3  Mc)(1c icle]ltlificatrion

‘J’IIc  ?[todc identification (Ml)  laycrofttle NhIILA :irctlitcct~lrc isrcs~)c)]lsit)]c  fc,riderltifyi IlgtllccLrrrerlt o~]erat-
iilgc)r faill]rcl[lc)clec)feac.}]  co]lll)c)llellt  ill ttle s~]acccr;ift.  Ml is t])cscrlsi]jr, CO II Il)OIICIIt of l,ivi]l  F,st,c)Ilc’s II Iodcl-l)asCd
rccollfiguratio~l capal)ility, alIcl ])rovidm a l a y e r  c)f al)stractioll tc) tllc cxcc. utivc: i t  allc)ws t}lc cxcc.utive  to  rcasor]
a}l CILlt t]le S t a t e  of t}le sl)accc,  rafL ill ter Ill S Of  C[lIll~]CJlleIlt lrIod(.s, rat]lcr t]larl ill tCIIIIS Of  ][)w ]eVcl Scllsor Val UCS.
(Williar[,s & Nayak 1996)  provides a detailed tecll]lic.al  dcscri~)tio,)  of I,ivillgstonc.
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l“igure 4: Architecture of ],ivill@orle’s lJJOdC iderJtificatiorl calJatJi]ity,

Ml }]rovidcs  a variety of furlct,io[ls  withirl t}]c ova-all architecture.
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i140dc corlfir][latiorl: l)rovictc  collfirrrlatiori to t}le e x e c u t i v e  that
plcted successfully.

‘J’lICSC ixlcludc:

a ]]artic.  ular sl)ac.ecraft cor[lJ[lalld  }Las cotrl -

Allo~llaly  dctcctiolL:  lclclltify obscrvccl  sI]ac.ecraft  })cllavior  t}lat, is illc.c]~lsistellt with its cx])ectcd b e h a v i o r .

}“ault isolatiotl  arid  diap,rlc,sis: Iclclitify  colll])c>Jicrlts wl)c,se failul-es  ex~,laill  c[etcctccl  a~lor[lalics.  Iri c a s e s
W] JCI’C II IOd J?lS Of CO1[”J~)O1lC]lt  fai]UrC C! Xi St, id C!lltify L]IC llartiClllar  fai]U1-C’  II IOCICS  Of CC)lll])C)ll  C1lts t}lat CX[~]aill
arlolilalics.

‘J’okclj t racking:  Morlitc)r  the state of ])lanner t,okells,  allc}will~,  t}Ie exrcutivc to rlloriitor ~Ila II cxcc.utio]l,

M l  u s e s  algc,rithrrls acla])tccl  fro~rl Irrc)clcl-l)asccl CJiag[)c)sis (CIC Kleer &, Williarlls 198-C’; 1989)  to ~,roviclc tl]e  a}]c,vc
fu~lc.ticl!ls (SCC l’i~urc 4). ‘J’lle kcy  iclca ullclcrlyi~lp,  ]IIoclcl-lJasccl  diap,l,c)sis is t}iat, t},c currer,t state c)f tllc s])accc.cafl
ca.fl l)c c]cscribed  t)y a c.o~ll])irlatiorl  c]f cmrll~)c)r}c]]t  II Ic)dcs c)rlly if tllc s e t  c)f II Ic)clc\s assc)ciat, ccl wil}~  J,}ICSC r]lc,cles
i s  c,ollsist,ellt, wit]l  t]ic  obscrvccl  smlsor  va]ucs. ]’o]lowirl?, dC ]{lccr  &, Wil[iarlls ( 1  98{)), hfl  uscx a c.ollflict  clircctcd
I>cst-frrst  scare.}1 tc, firicl t,])e ]rlcmt likely cc)~,,t]irlatic,], c]f c(,]r,],c,r,cllt  rllc,clcs cc>risist,c!,t ~vitll tl)e  c,l,scrvatic)]ls.  Nc,te
t]lat t}liS ]llC!t}lOdO]C1~,y iS illdJ2~1CIlC]CIlt  C]f t]lC ~C.t,Ud SCf, C)f aVaila~)]C SCllSClrS, l’urt}lc]  Il]clrc, it cloes IIc)t lcquirc that
a l l  as~)cc.ts c)f t h e  sI,acccraft state arc clirectly obsrrv:il,lc,  l)roviclillg,  al, clcp,alit, sc)lutic~rl  tc~ tllc I,rol]lcI1l c,f liJllitccl
c]lmrvahility  cliscussecl irl Scctic~ll 3 .

“J’lLc usc of IIlc)clel-l)asccl cliap,)losis :ilp)oritllrrls  illlrllccliat,cly  I)rc)vidcs  Ml with a Jlulrl},cr c,f adclitic}r[al  features.
l’irst, tllc scarc}l algc,rit}lllls  al-c souricl arlcl cc)lr]])lctc,  ],rc)vic]i]l~,  a F,uaralitce Of cc]vcrage  with rm~,cx-t tc) t}]e tIIc, clcls
usccl. Sccc)rld, tl~c rrlc~clcl l]uilclillp,  I[lctllc]clolc]p,y is rrlc]clular,  w,llic}l silll}]lifics  Iri C] CICl  cc]lls[cuctic)ll  aricl lrLaiJltc.rlmlc.c,
slid su[]~)orts  re\Jse. ‘J’flircl, t]le algclrit}ll[ls  ex~el,d  s]rloc)t}liy  tcl hal\c/lit!p,  tr[ulti[j]c  falJ]ts. ]“ourt}i, W’}ii]c t]ic

alp, orit}ilrls clc) riot  rcclui]~  cxl]lic,it  fault,  rrlocle]s fc]r eac]I ccjr,l~~c]lje[lt, t]lcy C:(II easily cx]~lc]it avziilal)lc  f a u l t  lrlc)clcls
to fincl likely failures.

hil cxtc~lcls tllc IJasic  iclcas  of rrlodel-t)asccl  cliagllc)sis hy lr]odclitlp,  cac.11 cc)rlll)c)lrcllt a s  a fiilitc s t a t e  rliachirle,
al]cl tile W]IC)]C sl)acccraft as a set, of c.c)ric.urrellt, syric.tlrc)llous  state ]I!acllilics. Mc}clc.li~)p,  c.c)rllj,c)~)crlt,s as firlitc
s t a t e  rllac]iittc.s  a]]ows  M] to  cffective]y t r a c k  s t a t e  c]la]rgcs  rcsu]ti!lp,  fro~ll exrclltivc CCIIlll  IJalld  S. iV]c)de]ill,g the
sl]accc,raft a s  a  c.crr]c,ur Jcr)t  lllac]lillc allows  hfI tcj cflectivcly  track co]lc.rrrrclit, state c}latlgcs  causcc I eitllc~  hy
exccutiw cc)lllr[larlds  c]r colr]i]c]l]cllt  failm-cs,

A1lc)tllcr ilJl],ortallt fcatul-c c)f Ml is that it IJIC, CICIS t}lc I,cllavic,r  c)f cac]l cc,[rl~)c,rlerlt Irlocle usirl~, a b s t r a c t ,  01
clllalitativc, rrlcrclcls (WC]C1 &  CIC l{lc.cr 1090;” CIC }{lccr AT w~illiarlls  ]99]),  ‘J’l Iese  at)strac,l II IO CICIS  are cTjccldecl as
a  set c~f ~]rc)l)ositic]lla] c]ausc’s,  .31]c)willg the  usc of ef]ic.iclit  uliit lJrc)])a&aticjIr fc]r ]) C!] JaVi Ol l]rcdicticjr!.  ITI ac\diti C)ll
tc~ sul)])c,rting cflicierlt t]cllavior ~,rcdic.tic~rl, al, stract IIioclcls  are liIucl  I easier tc) acciuirc  tliall clctai]ecl  clualltitative
cri F,itlecrirlg  )Jlc)ctcls, arlcl yiclct Irlorc  rot~ust  ])rcclictic)l!s  sillcc srrlal]  c]lallgcs  ill t}le ullclcr]yill~  l]ararrlctcrs do l)c]t



aflkct tlic a]mtract hehavjor of thf..  spaccci-aft.  sl)acccrafl Irloclvs arc a syIl]t)c)lic  at,slraction of lloI]-[lisc,rct,c  srllsor
v a l u e s  arid arc syllt. })csizcd hy t,llc rllorlitorillg r[loclulc

Fi]lally, l,ivillgsto[lc  uses a single rJIc)dcJ to I)erforJrl  all of MI’s fullctiorls also ilscd for tllc excc[]l, ivr furl ctiolls
of rilodc+tmd rcxmvcry a]ld  rec.ollfiguration, It alsc) uses  t h e  km-rlel algorittlr[j, gerlmaliz, eci fro[[l  diagrlosis,  t o

pcrfor~ll  a]] of these Ml arlcl  execut ive  funct ions . ‘1’IIc colllllir}atiorl  of a srllall krrnel w i t h  a sin[!,lc rIlc)LIel,  and
tllc I)roccss  of excrcisilig these through rr]ultiplc uses contritjutcs signific.arltly  to tllc rot)ustrlc,ss  of t,lle colllplete,
Systmnl.

5 IM})I,12MENTA’-1110N

‘J’lIc i]l]I)lerllerlted  NMILA a r c h i t e c t u r e  suc,c.cssfully  dcrllo~lst,ratcd  [,lallrlillg of a ~Jolllirlal sccviaricr, corlcurrrrlt
execut ion  and ]Ilorlitorirlp;  , fault isolation, rmovcry  arid rc.-plallllin,  g o~l a silllulatiorl of the sirll~)lificd  ~assini S01
sc.c]lario.

‘1’}Ic plaIlrlcr rllocleled  t}lc dorrlairl  w i t h  2 2  ~]ara]lc] tilllclirics  a~ld 52 disti~lc.t  tcrfll,oral corlst,raint tclll])]ates.
I1;MII te~lll)late included an average of 3 tcr!l~,oral  cc)tlstraiT,ts  c)f w]licll  all average of 1.4 cc,llstrair,  ts sy]lc.llrorli~,cd
diflk:rcllt  tilllclilles. ‘J’}Ic resu]tillg SC} ICCIUIC  for tllc llorlliIlal  sccllatio i]lcludcd 200 distinct tilllc illtcrva]s; a schcdulc
gC1lerated  after re-p]allllirl,g  clLtc t o  cllgillc t,urrl  iTitcrruj)t,iolj  il]c]udcd  123 tir[lc illtcrvals. ‘J’lIe ~)larlrlcr gcllcratcd
tiicsc SC.]lCdLllCS  cxl,]orirlg ]css  tharl 500 scar-c]l statcx irl all r]a]med  ti]llc c)f ]C’SS t]lall ]~  !rlirluks c)tl [I SI’AIK-10.
(k~llsidcrillg  t,hc c~)r[l])[ltatiol,:ll  resources avail  al,le i]! t})c 1) S- 1 IIlissior) aTicl t}lc I)ack:,  rc]urld lkaturc of tl, r j)larlllirl::
]Irocess,  this s})cml is accq)tat]]c with respect to tile ~icrforr[ta]!cc  rlccdcd  for 1) S- 1,

‘J’lle cxccut.ivc  co)ltairlcxl  I 00 raps with all average of 2,7 stcl)s ]~er ra]x, ‘J’lic rlorl]irlal  sc}iedulc  was  translated
i]ltc~ a task ~lct wit}) 465 stcjw, r[laki]lg  it tllc hi:,~;est  IiAl’  to date. ‘J’he e x e c u t i v e  iiltcractcd wi th  tllc urlderlyir)~,
Cx}rltrol  100])s wllic]l  o})erated at a cycle  frcqucrtcy c]f 4 117,.  ‘J’]jis ]~crfclrlliallcr  l e v e l  i s  a c t u a l l y  }Iip,llcr t,lla]l tltat
]lccdc.d to I]icct  tllc requircwl]cllts  of t}lc 1) S-1 rliissioil,

‘J’lic S01 ]rlodcl  f o r  t}lc rr]odc  idmitificzitioll  and recovery systcrl]  i]icludcd 80 s[, acccraft cc)rll~)ol]crlts w i t h
all a v e r a g e  o f  3,5 If lodes lJer c.olll~)orlellt. ‘J’IIc s t r u c t u r e  ar, d clytlar[lics  of  tt, c dolllaill was  ca]lturcd hy 3424
]~ro])ositiolls  and 11101 c.]ausrs. III sI]ite c)f tllc very l a r g e  s i z e  o f  tllc Ir]c, dcl,  t}]c cc)tlflict-  cclltcrccl  alf,oritllrils
IIcrlrlittcxl  fast fault isolzttic]li  arid  clctcrl[lirlatiorl c)f recovery  act, iotls.  l’ziu]t isol:itioll tc]c)k t~ctwccrl 4 aTId 16 scarcll
ste}m (1 .1 to 5.5 SCCO])CIS on a Sl)A}LC.5)  wit]] arl averap,e  of ‘[ stci]s (2.2  sccollds). ILrcovcry  t o o k  l,ct,wectl  4 a]]cl
20 stci)s ( 1 . 6  t o  6,1 sec.c)r,cls) With all av~ragc of 9,3 steI;s (3,1 scc.;)Iids)

(i I) IS CIJSS1(IN

Maliy  illll,ortarlt as[)cc.ts  o f  our  arcllitertulej fror[] tlic ~)crs[~cctivc  of  Al
}Ictcrc,g,crlmus  :irc.llitect,ui-c  arid  frorll  t}Ic si:llificarlt diffclmlces t,ctwcc~l  tlic
rcll)ot  do]liai]i.

rcscarc.l~, fclllow fro]li  0111- usc  o f  a
Sl)a CX’CrafL dOIll ZLill aIld t]IC 111[>}.li]C.

‘-1’llc rcscarcll a]~~,roac}l to all arc.hitccturc for autorlcj]ily  is LIsually to seek a uriified  systerri based C)II a unifor~o
rel]rcsc~ltatic)llal  and c.cJ1i]I1[ltzitic)rial  fralllcwork, W h i l e  t}iis is a very irljI)ortallt gcml, often t,l Ic Corll[)lcxity  of a
rCfL1-WOr]d  doIJiairl  f o r c e s  researc}lers tc) co~llljrc~~llisc 011 corlll)lete autorlc)llly  or  to  address  5i111[]]Cr  clorllaills  allcl



:Il)[]licatiolls. 11) our case t]le  c]lallcrlgc  tv;ls to acllicv[ corl)[)letc  ,311 tor I(Ir  IIy for a vrry corll[)]cx dc)rl]aill iri ;i lirflilcd

a]r]oullt of ti~rle. ‘] ’}l CrC!fOrC WC! CIIOSC frorll  t]l~ C) Ut,S(>t tO usC st~ltC- C) f-t]l  C-art, ~, Crl Cr:il-iJ\lrll  C)SC  C. 01111)011  Cll~,S  t,tl?lt
lIad  I)cerl aI)plied  to solvirlg i s o l a t e d  prol~icrr]s  irl the dorl]airl, ‘1’hc rllain  arctritecturai cllzi]lerlge w a s  t,tlerdforc  t o
integrate these c.otllpol[e.tlt,s. ‘1’he Iriain  source of diilic.u]ty  l)cre  was tlIaL our cc]lrl[]lrtatic]r)a]  erlgirles  a]] r e q u i r e
differcr]t,  rerjresetltatiorls. ‘J’llis IIcterogcrleity }Ias botl)  bcrlcfit,s  arid diflic.u]ties.

OIIC. hcrlefit of }Iavillg  each crlgirlc look at tire s~)acecraft  frorr] a difl’ererlt  ])crsI]ective is t,tlat  t,tle ]Icterot,erlcwus
krrowlcxlgc  acquisitiotl  ])roc.css  a i d s  in at,tairling covt?crge i??ld co?r~picfcncss.  };ac]l new  [,crspcctive orl a suhsysterr]
]Iot,entia]ly incrcascs  t}lc urlderstarldirl~, arlcl IIcrjcc irrl[)roves  tllc ]I)c, dclirlg, for cacl~ of the ot)lrr corl~}mricrlts  wl~icl,
also rcI]rescvlt  krlow]edge  of that sukmysterll. Arlc)tllcr  bcrlcfit  is mr’unrla?(c;rj, wllcre over] appirlg r[lodcls  erlable orle
corll])orlcr)t  Lo cor[ipcmsate  for restric,tiolis  irl the re1~r6se.r\ti\ticJii of al~otl)cr  corll~]c)llcrlt. ‘J’llis is [~articular)y true for
ovcrlall~]irlg  respc)nsihi]ity ill the }Iytjrict executive. A t,}lird  l)crlcfit  is task speczcr/z2rrtzo?1, in w}lic.tl cacti  coil-i~)orlerlt,
is  o~~tiri)i~cd  for solvirlg  ce,rtai~] kirlds c)f t a s k s , ‘1’}lis  rr)carjs  t,hat. we e a r l  u s c  eac}j coli]I)orlellt  to solve  ]Irot)lcrris
f o r  wlticll  it is well suited, rzrt}lcr t,harl requiro orle corll])orlcrlt  to solve  all j]rot)lcllls (a sirllilar I)c)ir[t is rrladc t)y
IIollassc)  ft al. ( 1 9 9 6 ) ) .

Arl illl])ortallt cxarrrI,le  o f  rel)reser,tatiollal diflircrlc.cs  that wc four]d  w a s  bctwecrl  tlic jllarlrlcr/scllccl tllcr  arid
tllc llyl)rid execution systerri. ]rl NM]~A  tllC ~llaIlllC.r iS CO1lCC.rliCd Wit,]l ZtCtiVitiC.S at a  ]tiF~r-]cVC]  Of a}) S~r?LC,tiC)ll
wllic.11 crlca])sulatcs  a detailed scqucrlcc of cxcc.utivc-lcve]  corilrilarlds. A furldarl]crltal ohjectivc for t]le jjlarlrlcr  is
to  a l lo t .a tc  rcsourc.es  to t,l~c IIigll-levd activities so as tc) ],rovidc a tir[ic ar id  resource  etlvc]o~)c t]lat lvi]] erlsure
corrcc.trless o f  cxec.utiorl  fcjr eacli  cxecutivc-lcvc] dct, ailed  scqucrlcc!,  Arl irltcrval  l)a.scd re]]rcscrltatiorl is clrlirlc.lltly
suital)le for  t,}lis l)ur~]ose. 11’rorrl this ],ersJ)ectivc t h e  ]~la]lrlcr d o t s  riot  really rleccl t o  krlow if a tiri)c ilitcrval
I)crtairls to all ac t iv i ty  c)r a state. IIovwvcr, t}lis kliowlcxl~,e is irlstcad crucial to erlsure a correct cxccutiorl.  ‘J }Ic
execut ive  is  erllirlcrltly irltcrcstccl in tllc oc.c,urrcrlce  of everlt,  t]lc  trallsitiorl }Jctwcerl tirrie irlterva]s irl the ]Ilarlrler’s

I)ers])cctivc. ‘Jb gcllcratc t}lc aI, I)rc,l)riatc  corl!rr]arlcls  arid s e t  u[) tt!e  a],l)rol]riatc scr~sor Iliorlitors,  tl~c cxecutivc
rids to krlow i f  arl evcrlt i s  c.orltrollal)]c  (the cxcc,utivc  rlccds  to scrld  a  corrlrllarid), ol)scrvablc (t!lc cxccutivc
cxl~ccts  scrlsor-y irlforrriatior})  o r  rlcitl~er  (tllc cxccut,ivc  Cal I d<duc,c irlforrltatiorl ort t,])c stat,c c]rl t,]lc basis o f  t,llc
dolrlairl rrlod  C]). our  al)]]roac.]1 ]c~c.a]i?,es SUC}I  distirlctiorts  to t]lc cxccut,  ive’s kllo~vlccl~,e rc[)rescrjtatiorl.  ‘1’his f r e e s
t}lc ~~li~rlrlcr to rcasorl  cflicierltly  al)oui,  ir~tcl-vals) a]]d ctlal)lrs us t o  ir]ove rcsl)c]llsi})ility  flcxit)ly  }Ictlwccrl ot)(cr

1  }I;[rldlc arr ac t iv i ty  wl, ic}, wasarc. tlltcc.  tura] c.or{)])c)rlcrlt,s ( for  cxarrjp]c, let, the c.olltro] ta~,  {s forlllcrly drCOlll J) OSC’d
I)y tile execuiivc, or vice-versa)  wit}lout }Iavill!, to rl)odify  tt!c ])lar,r,cr’s  rl,odcls.

Wllilc lieterc)gcr,eous  rel)reserlt:itic,rls }Iavc a rlurrll)cr  of t)crlcfits,  tllcy also raise sc)lrlc difficulties. Most si~,rlifi-
C.arltl of tllcse arc tllc l)ossit~ilit,y  for rr)odels  to diverge ratl[cr t}lall  c.orlvcrge, ar id  tllc rlecd to du~]licat, c k[iowlcd~,c
rc])rcscrltatiorl  cflorts. We IIavc  ][ladc SOIIIC ~lrop,rcss orl t h i s  frorlt t~y llcadirl~, t,ow; ird ii r[iore  urlificd  rcI]rcscrlt:iti(:)rl
o f  sorrlc  r[iodc]ccl  J]rc]J]ertics.  l’irst, t,hc urlific,d r[iodelirig  for A41/MIL irl I,ivir\F,st,orlc  (see Scctior\  4 .3)  }ias ~)iovcTI
to t)c extrcrllcly useful ,  Secorld, we use c o d e  gcrleratiorl tect!lliqucx  to  trallslat, c SOIIIC riiod(lccl  ~)roJ1crtics, sucl]
a s  dcvicc i)owcr  rcquire~[~er~ts,  i~itc~ tt]c difl’crcrjt  rc])rcserlt,:}ticjris  llscd  for Cii  Cll cc]rji~]lltatic)ri:il crif,  irlc. ldrally, we

WOLI]d  Iikc tc) IIcad t o w a r d  a  sirlg]c  rcl]rescrltatiorl  of tllc sj)acccraft (t]lc OTLC  iT Ur lrLod~/,  a ]I()]y  p,rail  of A]), I)(]t, WC’
iliter~d to do s o  a l w a y s  ,gc11erali7ilIg frc]rll ]Jowerful  rrlodcls Callilt)]C of ]iarldlirl~,  t]Ic corli~)lcxitics of  our rcat-wor]d
dorrl aili,

Mrrrly of the A l  autorlorlly arctlitcc.t,  urcs  have t)cerl CJcvc]ol)cd wittl rcsJ)cct to rllol)ilc  rot,c,ts (rrtot)ots), ‘J’~vo
clifk,rcrlces  irl ]Jarticu]ar arc t}lc role of pcmcj)tio?i  arid jailvm handl ing  iri t}lc two dori]airls.

Mariy c)f the ],rol)lerrls  of I)crcc])tiorl  corllrric)rl irl rlJc,t]ilc rol)c,t  arc]iitccturcs were rlc)t sir,] lific.arit  ill our dorrlairl.
NMILA is focused c)]) tl,c. sJ)acec.raft’s state, and scnisirlg the state of a syrlt)letic.  artifact is [Iiuct( easier t]iar)  scnsilig
arid  ltr)(lcrst:i!lclir]~,  a corjlj]lex  rlatural Cllvirollrrlcrjt.  }’urt]lcl  rllorc,  o],]y lirilit,cd  as~]cc,ts of t}lc rclatic]rlslii]~  o f  t h e
sJ)acecraft to its Clivirc)rlrricrit  w e r e  scriscd  Usirlg soI)llist,icatc(]  sc[lsors, c,g., s~)acccraft acc.cleratiorl, s])acccr?.ft



a[lgular vr]ocit,y, SUII I)osit,iorl.  Iksu]ts frorli  SUCII  scllsors are e a s y  t o  u~ldcrstalld and irlcorj)or~ite  i]lto  ttlv  ll)odc]
of the spacec.raft,’s  state.

SrxolId,  t,]lere are il[lI,c)rtarlt differcllccs irl tllc s t r u c t u r e  o f  Ullcx[,ccted  col]t,ill!,crlcicx  t,ctwcell ttle s p a c e c r a f t
dolllairl atld  the rrlobi}c  robot dolrrairl. g’lle Illajor rtifl”crcncc is tliat,  there are a]rrlost 110 scrcrldi[, itolls contillgcrlcies
011 spat.cw.rafL. l]ccause sj)ac,ecraft arc carefully de.signed to lJcrforlrl  a rlarrc)w,  sl)ecific. rllissiorl,  ar)d any deviatior]
is  considered a  fa i lure .  lly corltrast, rrlult,i[)]c outccjlllcs  of ac.tiorls  and urlcx[]ectcd co~itirl~,crlcies  fc)r Irlobots arc
ofte~l diflicult to dic}lotorrlizc  into succcss alld  f a i l u r e ;  rrlot)ots  call soriictilrics  acl]icve  t}lcir  g o a l s  I)y perforlliirl~
randcjlrl  a c t i o n s .  ‘1’llis disti~lc.tic)n  is Irla]lifcstccl  ill the dcsigll  of ttle ItA1’  latlguagc, whictl  rec.ogrlizcs  f a i l u r e  o f
a IIlari step, but dcm not provide a rlLccllarlislli  fc)r failure recovery pr7  se. IIlstcacl, failure re.c.c]vcry I)roccdurcs
IIIUSL  bc wril,t,crl l i k e  arly  ot}lcr rllctllod, to bc t r i g g e r e d  on t,hc rcsu]t arlc] c.or]t,cxt of tile fi~ilure  rat]ler t,harl t]lc
failure itself.

h40reovcr,  rnot,ots are tyl,ic.ally  collc.errlcd  wit}! f a i l u r e s  irl tile irltcractioll I,etwcen rol,ot arid  erlvirc)rjlrlcllt.
‘J’ltcse failures arc typically irlterr[litt,erlt.  lrl the case  of spacecraft, a ])crlrlallerlt hardware failure will riot  go away
Cvcli if t})e syst,crrl r e c o v e r s  t]lis t,ir[lc. IIavirlg IIOW lirl(itcrl  ca]jahilities, tile agerlt lIiust ]~lar~ atld c.xc.cute twtiavlor
with Ilcw c,c)llstraillts  irl Illirld, and rrlakc  future irlfererlc,es  relative to the I)cw systcrll st, ate. ‘J’his raises a Ilced fc)r
a systcrll-level aJJI)roac,ll t,o Pault ])rotectiorl,  wliic}l ultirllatcly

iIl s e v e r a l  a r c h i t e c t u r a l  requireInerlts  to sup~)ort rc~)lanIliIlg  ill

rcsultecl  irl tllc irrl]]ort:irlt rc~lc o f  Iivirlgstollc  and
the. case of failures.
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‘J’llc Ncw h4illcr)rliu11J ltcrric)te AF.cItt (Nh41LA)  a r c . h i k e . t u r e I S  closrly related to tllc 3’J’ (t}! Iec-tier) arctiitccture

dcsc.ribcd  irl (Ilorlasso Ci Q1. ]  99(i).  ‘J’IIc 3’]’ zirc,]litcct Llre cor Isj StS of a (Ic]it]c]ativc cof[l~)o~lc]lt  aTId a rca]-tir[lc

colltro]  co~lil,or\erlt  corlllcc,tcc] t)y a  rcac.tivc  corlclitio[la]  sequel [cer.  Wc arid  l\oIIasso IIOLII u s c  l{AI’S  (1’ilby  19’(8)
a s  c~ur sequc]lccr, a Itlioug}l  wc are clcvclopillp,  a rlcw scqucriccr  wtlic.11 is rr]ore  c l o s e l y  tailorc(l to  t,}lc derllarlds
of tlic sIjaccc,r:ift  crlvjrc]lllllcllt (c~at, ]9~(i).2  ()((r  dc]i~)cl:itc)r  i s  a t,r:iditiorlal Al I,]alll)cr t~asec] 011 t]le  ]IS’I’S
tellll]oral datal, asc (hfuscct,tola 1 9 9 4 ) ,  atld our corltrc)l cc,~(}],oricrlt,  is a t,raditic~lial  s], acecraft a t t i t u d e  co]lt,rol

‘ystC~rl (Ilack[lcy, ]~Crrlard,  &  ]h+~llus$ell  ] !)~{{). WC ZLIS[l add ?Irl arC}litCC,t  U121] C. 0111[1  011 C’r]t CX~)]iCit]y  CICC!iCak’[1  tO

w o r l d  rllo(lcliiig ( t h e  II IOCIC i(]crltificr), and (Iistirlp,uis]l  bctwccrl cc]lltro] allcl rIlorlitorirlF,. lrl c.orlt,r[ist  t o  the systcrll

dcwcrit]ed t)y llor~asso, t h e  }~ril(ie rI\ovcr  iii o u r  syster[l is  tile ll,A1’ scqucllcer,  ]ic~t L}IC ~)lall~jer. ‘J’l Ic ~~larlllcr i s
vicnvrd  :LS a  s e r v i c e  irlvc]kcd arid corltrollcd t)y tllc scquerlccr. ‘1’his is rleccssary bccausc co~rl]jutatior]  is a Iirrlitecl
r e s o u r c e  ( c l u e  tc} tl!c hard  tirllc c.ollstrairlts) arlcl so tile r e l a t i v e l y  expcllsivc c)~jeratiol]  of t}le J)larlrler  lriust l)e
c a r e f u l l y  c.orltrc)llcd.  ]rl ti~is rcs})ec.t,  our arc]~itecturc fc)]l(]ws t,lIc clcsi~,ll of t,tIc A’I’],  AN’II]S arc})  itecttlj-c  ((; at,

199?).

‘~’lIc currc]it,  state of the art irl spacecraf~ autollc)rlly  is rc[)rcscrjtcd t,y t}kc at,titude atid  articulatiorl coIltrol s u b
syst,cIII (A A(;S) c)]) tllc ~assi~}i  s])ac.cc.raft  (Ilrowti, llertlard, & lLasr[IusscIi  l!lgb;  Ilackrlcy, IIerrlald, & l{asl~]usscrl
1993) (wtlic,ll su~,])liccl t}ie Satur[l [)rt)it lljsertioll sccliario u s e d  ir, o u r  l~rototy[)c) ‘1’IIc aut(,rlolr!y c:ir, at, ilities of
~assilli include c.c,rltext-c{c~,cl,(lcl]t  cc,lrlr,larld  Lja],dli[lg,  rcsourcc rl)ariap,clrlerjt  aric] f a u l t  ~)rotec.tiorl.  IJlarlrlillg  is a
F,l-OUIId  (ratklel tharl o!!-kJOard)  furic,tic,rl  aIld c,ri-t,c,ar(l  rc[,]ar!l!iTIF,  is Iil,litrc]  tO a COUIJ]C’  Of ]lrCC]CfillCd  CC111tillF,C11Ci7S.
A]l cxtcrlsivc set of fault ~llorlitors is used to filter rrlcasurerricllt,s  allcl war]l  tlic systclll of IIot]l  urlac.cel)tahlc aTId
o~-llolrlilia] I]c}lavior,  ]’au]t,  diagrlosis  ZI!IC] rec.ovcry  are ru]e.  t)ascd. ‘J’]lat is, fc)r every ~~cjssib]e fall]t or set of fau]ts,
tllc ~liorlitot  states Ic.adillg  tc) a particular diaF;llosis  arc cxJ)]ic,it]y c]lcodcd  illtc} rules. l,ikewisc,  tile fault res}]orlscs
f o r  cdl diaglicmis  are cx~,lic.itly  cn]cc,dcd tly llarld. Ik,t)ustllcss is achieved irl diflicult-tcl diag[losc situations t)y
scttirlg the systc~ll  to a silll]~lcj  kIiowll  s tate  froll} w]lic.tl  c,a]]at~ilities  are adclcd  irlcrclrlcrltally u~ltil full ca~]ahil~ty
is :icllicved  or tllc fault, is llrlarllt)i~,(lc)l]sly  iclcrltificd. ‘J’llc NM1tA  arc}litecturc u s e s  a IJIodel- t~ascd fault diag,[iosk

sys~cl II, a d d s  at) orl-hoard plajlller, arid  grcat]y crl}laIlccs  t]le ca])al)i]itics of  the orl- board sccluel  Iccr,  result iIl:, iIl
a  draIflatic lca}~ a}lcacl irl autoIlor[ly  cal)al]ility.

2~’tIC CS1, Systel!l  (C~at 1~)~~) }lZLS IIOW re~Ilaccd  lLAI’S aq t}ie COIC CIIgit  IC fo[ tk!c 1) S-] l’; xcclltivc’.



Ahrned,  Aljabri, k I;lclred  (1994)  have also worked on architecture for autonorrlous spacecraft, ‘1’heir arcbitcc-
ture  in tegra tes  p lanning ar)c] execution, using “IWA (SirI)roons  1990) as a scquerlcing Iilcchariislrl. IIowcver, tlIey
focused only orl a subset of the protrlcr[l,  tt)at of autono~l]c)us  rl)arlcuver p]anrlirlg, which will be incorporated into

our work M part of the 1> S-1 mission.

Among the many general-purpose autononly architectures is Guardian (]]ayes-Roth  1995), a two-layer ar-
chitecture which has been used for medical rllonitoriug  of irltellsive care patients. l,ike the spacecraft clornairl,

intensive care has hard real-time deadlines imposed I)y tile environ merit and operational criticality. One notable
feature of the Guardian architecture is its ability to dynarrlic.al]y  change tile arllcrunt  of corrrputatio[lal resources
being devoted to its various components. ‘1’hc N MRA  architecture also has this ability, but the aI, proac.}~cs  are
quite different. Guardian manages computational resources by C}la[l~i[lg t}le rates at whictl  rrlessages  are sent to
the various parts ofthc systcrn. ‘1’hc NMIl,A arc.llitccture  rl~a~~ages  c.or[~putatio~la]  resources by givin~ the executive
control over deliberative processes, which are r[lanagcd according to the kr}owledge  encoded in the ItAI’s.

SOA1t (I,aird, Newell, &, Rosenbloor[l 1987) is arl architecture based orl a gelieral-~]urposc searc.11 rllecllanisr[i
and a lear]ling rnechanisrn  that cornpi]cs  the results of past searches for fast res[)oilse in tile future. SOAR has been
used to control flight simulators, a dorriain  whic]l  also has liarcl  real- tirrle constraints and operatiorlal criticality
(’1’ar,,bc cl al. 1 9 9 5 ) .  CIIWA (Musliner, I)urfce, &, S},in 1993)  is al, arc}, itectLlre  tliat uses  a  SIC)W AI c.orrlponent
to provide guidarlce to a real- tirnc scheduler that guararltms  hard real-tir[-lc  res~,c)rlse wherl  possihlc within the
c.orlstraints, Norcils & ~hatila ( 1 9 9 5 )  d e s c r i b e s  a rrlobile  robot  co~itrol  arcl~itec.ture that cor[~bir~es plal~liil~g,
execut ion ,  Ioortitc]r-irlg,  arid  contingency recovery. cypress is an arc.llitect Llre which coriibines a Plarlriiug arid an
cxccutiort systerrl (Sl}’11~11  arid  I’IW (Geor:,cfl’  & I,ar)sky  1987))  usirl~, a  c.c)[rirrloll  rC1)reSC[lt:LtiOIl c a l l e d  AU’S
(Wilkil\s  & M y e r s  1 9 9 5 ) .  ‘1’lte Ir]ait]  diflere]lce betweerl  Cy])ress and our systero is our usc  of an i~lterval-bawxl
l,la~l[ler  rat}lcr tl]all an operator-based p l a n n e r .
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g’llis  p a p e r  lIas  clcscribed NM Ii,A, arl irrlplcrricrlt,ed  arc.tlitecture  for auto~lor[lous sI, ac.ccraft. ‘J’l Lc arcllitectL)rc
wa.< dr iven  I)y a c,arcfu] arlalysis of tl)e  sl~acecraft dornairl, arid  illtcgratcs traclitiorlal real- tirrle roc)r]itorirlg  arlcl ccn-
trol with corlstrairlt-based plannirlg a n d  scllcdulirl~, ro})ust  rllulti-threaded  executic>ll, alld rrlodel-based diagricmis
arid  rccorlfiguratiol), ‘1’he irn~)lcrncrltcxl  arcliitccturc was  successful ly  der[lc)ristratcd c,rl arl extrcr[lrly cllallcrlgirlg
sirllulated s])acecraft autonorrly s c e n a r i o . As a result, the architecture will co~ltrc,l t}lc first flight of NASA’s
New MiIlcnTiiLlnl  l’rogram ( N M } ’ ) .  ‘1’he s p a c e c r a f t ,  Nh41’  l)cel~ S~)ace Or,e  (1)s-1  ), w i l l  laul, cb ir, 1998 arid will
autc]llornously cruise to atlcl fly-by an ~stcroici  slid a c.otnet. ‘1’l\is w i l l  bc tlic first AI syste.rrl  to autc)r~oi]iou:jly
corltro]  arl actual s~)acecraft.

O u r  irllrllrdiate  wcmk for 1) S-1 cor,sists r,, airily  ir, acquirir,g  altci valiclzitir,g  IIICJCICIS c)f t},c 1) S-1 sl,acecraft ar, cl
i n  clicitirlg  a n d  addrcssirlg ~nissiorl  reqLlirer[lents, ‘Jo ~rlake t}iis l)ossiblc, w e  arc workiil~ 011 clevclo~]irlg b e t t e r
t o o l s  fc]r s}larirl~  ~rlodels  across the diflcrerlt heterogericous arc]lit,ectural  corri], c,ricrits, arid  for tllodel vcriflcatiorl
arlcl validation.

Ic)n~cr tcrrn, wc see at least t}irec  ~najor  areas of rescarcll witli respect to c)Llr autotlorllc)us sl]acccraft arcl]i-
tectulc. ](’irsl, our arClliteXtUiW  cou]d bclidit  frc)l[] ar! irlcrc’asc’d use  of sirrlu]atiori,  ~urrellt]y we U S C! ZL siI[]ulator

for devclop~tlcrlt  and tcsti~Jg  t}lc software. “1’his could t,c extmldcd to facilitate irlteractive k[lowlcd:e acqLlisition
arid rcfilierrlcrlt, to illiprovc projection in the ~)lar~llm, o r  t o  llrcwidc  a tif)~~cr  irltcj2,raticll\  bctwcc~)  l~lar)rlillg aud
CXCC.Utio~l  (])r~lrllrllOnd,  ]\rCSi[l  Ei, & sW2i[lSOll  ] 994; ], CVi IISC>[l ](){)4).  seC.0[1[], C)Llr ai_C}litCC,t  Ui_C IC2LVCX OpCII iSSUCS  CIf
rr]aclli[lc  lear[lingj which  could  be  usecl to tune ~)ararlletcrs in tllc corltrol systerr], for 01, tir11i7irlg search corltrol
in ])lannillg, or for ]Ilodifying  lncthod selec.tic)~l priorities durirlg execLltiorl. ‘J’}~ird, we see substantial benefits in
IIavillg; a sillF;lc rc})rescrltation  of the s[,acecraft, supportir]g  r[lulti])le  uses  by  Ilrc]cesses  c~f atlstractioli and trarls-
latic)n, W C believe that progress toward this goal is best rnadc by gcncraliz,irl~  fror,l ~,owerful,  focused rl,odels



.

Ca])r Ll)l C Of rC.])rCS{!!ltillg t,h C! C. 0111 I)leXiti CS Of a rea]-wCIr]Cl dOlllaill.

!3 ACKNOWI,EDGMENTS

“1’hc rcscrrrch  ctescril]cct  irl th is  pa~)er w a s  c a r r i e d  o u t  at tllc Jet l’ropulsioa I,ahoratory, califc)rliia Irlstitutc

of ~’ec.llriolc~gy,  urlder c o n t r a c t  w i t h  t,hc Natiorlal  Acrorlautics arid Sr)ace  Ad] Ilir]istratiorl  ar id  a t  the Natio]ial
AeroI}autics arid  Space Adminis t ra t ion’s  A~I1es  }Lcsearc]l Cerltcr.

‘J’]Ic Authors wcIulct  like to ackaowlcdgc  tllc irlvaluahlc  corltributicrtls of Guy K. Mar) arid  ]tohcrt 1), Itasrllusserl
for t]lcir work irl d&rlirlg  a visic,rl rr)odc] for S[)acccraft autorlorlly  that CVOIVCC]  into this effort,

“1’lIe Aut]lors woulct alsc) like to ackrlm~’lcxlr,c the corltrihutiorls of Guy 1{. Marl  and l~ichard  l)oyle of J}’],  arlcl
C~regg Swictck of  NASA Ar[]cx fc)r their leaclershi~,  irl sccirlg  the rlcc.cssity  arlcl ~,ossil)ility  for advarlres irl tile area
o f  slJac.ecraft autollorliy arlcl t}leir  illsigllt  ill recorrlrllerldirlg  a]ld  sul]]jortirlg  tllc approac.tl  tha t  wc t o o k .

lrl adclitic)rl  to tllc autl!ors, tile NewhfaaJ)  autollorliy  prot,otyl,e  was accorll  I)lisl~ecl tllroup,l]  the cflorts of (;llarlcs
l’ry, lkrtrlis l)e(htc, ILcrl, S}lerwoocl,  Kir[l Gostclow, A s i f  Allrlled, IIarls ‘J’hor[las,  ]Ilah Nourl]ak}lsll,  arlcl ILohert
l{arlefsky.

‘J’lIc autljc)rs are g,rtitcful  to ClIris I’lallrlt :i]lct Itol] l{ccsirl~, for  }lcI1) wit,]] tile ]Jre],aratiorl c)f th is  j,a I,cr.

[ I ]  A}, I, Lcc I, A.; Aljat)ri, A. S.; arlcl }Illdred, 1). 1994. I)rv[]orlslratiort c~f c)rl-l, oard r!]ar]euver  ],larll]irl:,  using
aut,orlorrlous  s/w architcc.ture. ITI 6’[11  A7LILrJal  AIAA/U,5’U  C;OT~jCIC7LCC  on Slnali Saiclliies,

[2] lk)rla.wc~,  1{. l ’ . ;  Kort,erlkarll],j 1).; M i l l e r ,  1).; arid S l a c k ,  M .  1996. llxl, cricrlccs v., itll a~l arcl]itccturc f o r
illtelligcrlt, rc:ic.tive  agc~lts.  JEI}II. t o  aI]pear.

[3] IIrowri, G .; ]]er~larcl,  ]).; ?Lrld  ]~aslrLusserl, ~L. ]995,  Attit, uclc arlc] art,iculatiorl  c.orltro) for  ttlc cassilli sj, acccrafl:
A fziu]t  to]erarlce overview. ]]1 l~th A 1A A/II;l;l; l~igiicrl Avionics .Syst C?(LS (;07LJC7C7LC(.

[ 4 ]  CIC Klecr, J . ,  :i,,cl Williarr,s, 11. (~. l!18”i.  l)iagllcmirl~, rilulti~)lc  f a u l t s . A?lzjcial f?ltfllljr?l[~ 32(I):!)?- 130 .
lic])rilltcd ill (Ilarllscljcr, Cor,solc, & de  Kleer 19!32).

[[J]  de K]mr,  J . ,  aIId Williarils, 11. (;. 1989. l)ia~,]losis  wit]]  hcllavioral rllodcs, III l)loreedil,gs  of IJC;A 1-89,
1324- 1330.  l{e~]rirlted  irl (Jlatl]sc.llcr, ~o]rsc)le,  & de Klcer 1992).

[G] d e  l{lccr, J . ,  arid  Williar[]s, 11. C., e e l s .  1991.  A71ificiol h~fclligcnr-e,  volurrlc  51. l~lscvicl-.

[’(] l)rurr)rriorlcl,  h4.; IIrcsiria ,  J.; arlc] Swarlsor],  K, 1994. Just -irl-case sclledlllirlg. Irl l’?ocr’cdi?~gs of the ~’rocljlh
Arntio7~a~  C;071jc7cncc 07L A7Lificial  17~telligc?,cr, 1098  ] 104. (;alj,})ridge, h[ass.: AA AI .

[ 8 ]  l’irl)y,  IL J. 19T8. A d a p t i v e  czccufion i7~ con,plc~ rtyna~,,ic I/,071rls, l’t,.1).  l)isscrtatic~r,, Yale  LJIliversity

[9) (;:it, 1;. 1992.  lllter,rat.irl~  ],lar,r]ir,g arlcl reacti[l~;  irl a }Ictcrogclleous :,:;y~lc.l,r-c,r,c,t]s arcliitecture for. c.or,trollir,g
real -world  rrlobilc robc]ts, III l’7ocrcrii?Lgs oft/Lc l’c?Lf/L Nrr/io~~a/ (,’07Lfc Tcncc on A7 Iificial 17~felligc-~~r-e.  Carllljric’~gc,
Mass.: AA AI.

[ 1 0 ]  Gat, 1;. 1996.  CY31,: A lar]p,ua~,c for su~)~]orti]l~, robust  ])lari cxccutic)]l  iri autorlolrlous  s]]accc.r:ift.  lrl [)rcj)ara-
ticl[l.



.

[ 1 1 ]  Georg,c-fl, M .  1’,, and I,arlsky,.  A. 1 , .  1987. }’rocedural kr,owledge. ‘1’ccll~lical  ltcpor[ ‘1’ccllnical N o t e  111,
Art i f ic ia l  Illtelligencc  Grltcr, Sll,l IrLtcw~latio~ial,

[ 1 2 ]  IIack]ley, J.; I]cr,iarcl, 1),; and ]tas,[,usscrl, R. 1993. ‘J’llc cassirli  sllacccraf(: Ot~jecl  oriented [ l i g h t  co]lt,rol
software. III 19$5’  Guidance and ConiI,ol Con fe7encc.

[13] IIa,,,richc!r,  w.; CO*ISOIC!,  1,.; arid  de l{lccr,  J. 1 9 9 2 .  }teacfings i?L Model-  I]ascd Ihagnosis. S a n  Matco, CA:
Morgarl Kauflllanri.

[14] llaycx-Roth,  1!. 1995. A,, architm.turc  for adal~tivc  i,ktclligc,)t syste,,ls. Artijlcia[ intelligence T2.

[15] I,aird,  J. l;.; Newell, A.; a,,cl lLosc,llJlooI~i, 1’. S, 1981’, Soar: All architecture forge[lcral ilttelli,gcl!ce.  Arlific~al
17~telligencc  33(1).

[16] l,wirlso]l,  It. 1994, A gcrlm-al l)rc)grarrlIrliIlg  larl:,lla~c fc,r Llllifie(l  I,larlIli~lga~)d  co[ltrol. A7tifici{~l17~teliigc71ce.
SI]ccial  i ssue orl })]arlnir!g  and Sc.hcduli~lg,

[17] Muse.ctto]a, N. 1994. 11 S’1’S: IIltcgratirlg I1la~lrlirlg and sc.hcdulillp, Iri ll’OX)  h4,, and Zwchcrl,  M . ,  eds.,
lntclligcni Scheduling. Mor,ga~L Kauf[llarlll.

[ ] 8 ]  Musli,]cr, 1).; l)urfcx, 1;.; al,d Sl,irl, K .  1993. circa: A coo~)crat, ivc, illtelligc~lt,  real-tir[jc corltrol  arc}iitccturc.
l~~]’ifi~YialLsactio? tso?l. Tyste?rls,  M a ul and  Cybemeiics23(6).

[19] Noreils, l’., a],d ~})atila, R .  1995. l’lall exccut,  io]l IIlor]itorillg arid colitro]  arc}litecture  f o r  IIlo}]ilc ro})ots.
]1’~~’~~1’  l? ’(L?LSa  Cf2011S  011 Roboiics and  Auio?!iat’ion.

[20] Sirl)lrloIls,lL. 1990. ATI arcllitccturc f o r  coordi~latirlp,  I]lz~rillitlg,, sc.llsirlg, arlcl actiorl, lrl }’7ocecdi7Lgs  l) A}L1’A
Wo?kshoI,  OIL Innovative Approaches 10 I’lon?ling, ,S’c-hcdu/i?~,g 07~d (;07ti7v/,  292- 29’/.  Morp,a]l Kaufrllarlrl:  Sari
Matco, (:A.

[2]] ‘J’a,rlt)c, M.; Jol,rlsorl, W.l,.; JOIICS,  IL. M.; KcMs, 1’,; l,aird, J, 1;.; ltoscr, t)lc,olll,l’,S  .;z,rlclS  c.llw;iriltJ,  }{. 1995.
II,tclligcllt agcllts  fori~ltcractive siIr]ulatio~l  c~)viro1LrIicrlts. AIMogaz~~,e  16(1):15 39.

[?2] Wclcl,  I). S., aI)clcle  Klecr, J., eels. 1990,  Itcadi~tgs i~, (Jt,aliiaiiu~l  tcaso,,i~,gAb outI'}~ysico19y ste~,~s. S:,],
Mateo, ~a]iforrlia: Mc)rp,all Kaufrrliirlri  1’utl]is]lcrs,  ]rlc.

[73] lfrilkills, l), Ii., allclhfycrs,l{.l,.  199b. Acc,rIllJlc,r,  kr[c>,vlccl~,c rcI,lcscrltzitic,  ~Lfc)rl,l:,lt  ~,crlcratic)[] zLl)clr~::tctivc
exccutiorl.  )oumal o f  I,ogic a71d Co7~~putation.

[24] Williallm,  II. (;., arid Nayak, 1 ’ .
l’wcccdings of AA A1-96,  9“[1-9”(8.

}’. 1996, A rllc]drl-l~ascd  aI)I)roach  to reactive self-collficurirlg systerjls. IT I


